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3.0 ANALYSIS OF INSTRUMENTAL POLARIZATION OF IMAGING OPTICS 
. .  
3.1 Introduction 
The objective of the SAMEX magnetograph's optical 
system is to accurately measure the polarization state of 
sunlight in a narrow spectral bandwidth over the field of view of 
an active region to make an accurate determination of the 
magnetic fields in that region. Our design goal is to measure 
magnetic fields to an accuracy of one part in lo4. To achieve 
this accuracy requires a polarimetric accuracy of in 
determining the polarization components of the light as a 
fraction of the total intensity. This requirement means that the 
instrumental polarization of the optics must be reduced to levels 
below lo-'. 
I 
All optical elements introduce some polarization 
change, especially when used off axis. Combinations of mirrors 
and antireflection-coated lenses can display a full range of 
polarization behavior: linear and circular polarization and 
lirrear arrd circular retdrddncei  nf Particular cencern in the  
development of highly accurate polarimeters is polarization 
rotation which causes linearly polarized light to leak through 
subsequent of crossed polarizers. 
Because of this instrumental polarization, the SAMEX 
foreoptics (the optical elements in front of the polarizer - the 
Cassegrain telescope and the relay lenses) must be considered as 
a weak polarizer in front of the polarimeter section. This 
instrumental polarization in the foreoptics changes the 
polarization state of the sunlight incident on the polarimeter 
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and thus introduces errors in the measurement of.the,solar 
maanetic field. 
If possible, it would be preferable to place the 
polarimeter before the imaqina optics, to locate polarizers and 
retarders in front of the Casseqrain telescope. Then the' 
determination of the polarization state of liqht would be 
unaffected by the instrumental polarization of the foreo~tics. 
This desiqn would have the additional advantaqe of allowing the 
liqht to Dass throuah the Dolarimeter over a smaller ranqe of 
anqles of incidence. However, such a desiqn is impractical €or a 
I 
system with a 30 cm aperture - hiah quality polarizers and 
retarders have much smaller apertures, on the order of a few 
centimeters. Thus, it is necessary to use collectinq optics to 
collect the 30 cm aperture of liqht and focus it through small 
polarizinq elements in the polarimeter section. As the collected 
liqht is passed throuqh smaller apertures, the ansular spectrum 
of the liqht increases in a relationship governed by the Lagrange 
invariant. By reducinq the beam from 30 cm to 2 cm throuqh the 
tunable filter and polarimeter, the ranae of anqles of incidence 
is increased by a factor of 15, from 5 min of arc to 7 5  min of 
arc, thereby increasinq the anqle of incidence effects in the 
lenses just in front of the polarimeter and in the Polarimeter 
itself. Consequently we anticipate there will be some 
instrumental polarization due to the foreoptics in the liqht 
entering the polarimeter. 
The goal of the analyses outlined in this section is to 
precisely characterize the extent of this instrumental 
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polarization, and to design the optics and coatinas in unison to 
minimize this spurious polarization introduced by the 
foreoptics. We will show calculations of the instrumental 
polarization of ordinary foreoptics compared with the 
polarization performance of special ultra-low polarization 
optical coatinas desianed €or this application. 
The instrumental polarization analysis uses a proqram 
tha incorporates the theory of polarization into the standard 
geometrical optics and l,e??s desiqn codes (Chipman, 1981). By 
includinq the polarization of the optical elements in the first- 
and third-order desian process, the effects of coatinas on curved 
substrates can be treated. For each ray, a polarization matrix 
(in the Jones matrix formulation) is calculated for the ray at 
each optical interiace. These matrices are multiplied toqether 
to calculate the Polarization matrix €or that ray from object 
space to image space. An analytic function for the rays provides 
the polarization behavior as a function of the exit pupil, object 
heiqht, and wavelenqth. This techniaue represents a quantum jump 
improvement in the practical desiqn of foreoptics in front of a 
polarimeter and will enable the dearee of residual instrumental 
polarization to be reduced to < 10' in the SAMEX maqnetoaraph 
system. 
3.2 Instrumental Polarization of Standard Cassegrain Telescopes 
To establish the need for a detailed polarization 
analysis, we estimate the polarization effects associated with a 
Casseqrain telescoDe with aluminum thin film coatings. The 
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electr ic  v e c t o r  of l i g h t  i n c i d e n t  on a s u r f a c e  o f  t h e  C a s s e g r a i n  
c a n  be  decomposed i n t o  t w o  p a r t s ,  t h e  components  of t h e  v e c t o r  
v i b r a t i n g  p a r a l l e l  ( p )  and p e r p e n d i c u l a r  (s) to t h e  p l a n e  o f  
i n c i d e n c e .  These  components have d i f f e r e n t  r e f l e c t i o n s  as  a 
f u n c t i o n  of  t h e  a n g l e s  of  i n c i d e n c e .  F i g u r e  23.a shows t h e  
r e f l e c t a n c e  f o r  s and p p o l a r i z e d  l i g h t  f rom an  aluminum t h i n  
f i l m  c o a t i n g  w i t h  complex index o f  r e f r a c t i o n  n = 0.7 - 7.0 7. 
F i g u r e  23.b shows t h e  phase  change on r e f l e c t i o n  fo r  t h e  s and p 
components .  The d i f f e r e n c e  i n  s and p r e f l e c t a n c e  c a u s e s  a weak 
l i n e a r  p o l a r i z a t i o n  aligned p e r p e n d i c u l a r  to the  p l a n e  o f  
i n c i d e n c e  to  be associated wi th  r e f l e c t i o n  from a l l  metallic 
i n t e r f a c e s .  Moreover ,  t h e  d i f f e r e n c e s  i n  phase  change  c a u s e  a 
weak l i n e a r  r e t a r d a n c e  t o  be a s s o c i a t e d  w i t h  r e f l e c t i o n  from 
mirrors. 
The p e r c e n t  r e f l e c t i o n s  from t h e  aluminum s u r f a c e  f o r  
t h e  s u r f a c e  p a r a l l e l  (s) and s u r f a c e  p e r p e n d i c u l a r  ( p )  r a y s  are 
a p p r o x i m a t e l y  g i v e n  by 
2 Rs = 0 . 9 4  + 0 . 0 2 i  I 
and  
2 = 0.94 - O . ' O 2 i  I RP 
where  t h e '  r e f l e c t a n c e  rate of change  p e r  u n i t  a n g l e  of i n c i d e n c e  
s q u a r e d  ( i  ) is approximated  from F i g u r e  23.a. T h e r e f o r e ,  t h e  
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F i g u r e '  23. L i n e a r  p o l a r i z a t i o n  and retardance e f f e c t s  f o r  a 
C a s s e g r a i n  t e l e s c o p e .  The p e r c e n t  r e f l e c t a n c e  ( a )  and p h a s e  
change  (b) on r e f l e c t i o n  from an aluminum t h i n - f i l m  coating is 
shown for b o t h  t h e  s and p components of t h e  i n c i d e n t  l i g h t  wave. 
The w a v e l e n g t h  of t h e  l i g h t  is 5250 A and t h e  complex r e f r a c t i v e  
i n d e x  of t h e  a l u m i n u m  c o a t i n g  is n = 0.7 - 7.0 i^. The 
d i f f e r e n c e s  i n  t h e  s and p r e f l e c t a n c e  cause l inear  p o l a r i z a t i o n  
a l i g n e d  w i t h  t h e  i n c i d e n t  p lane .  The d i f f e r e n c e s  i n  t h e  s and p 
phase c a u s e  a l i n e a r  r e t a r d a n c e .  The d i f f e r e n c e s  are small for  
_ -  . . .  . .  .,small a n g l e s  of i n c i d e n c e ,  b u t  they are.not n e g l i g i b l e  for the 
. .  :. S V E X  . .  magnetograph  d e s f g n .  
2 Rs - R 
Lp Rs + R 
3 P - 0 . 0 2 i  . 
P 
A t  the  edge  of t h e  p r imary  mirror of  a p e r t u r e  D and foca l  l e n g t h  
f l ,  a r a y  is r e f l e c c e d  through a t o t a l  a n g l e  of  t a n ( D / f l )  - D / f l  
= l / f ,  where  f is t h e  f - r a t i o .  Then f o r  a C a s s e g r a i n  t e l e s c o p e  
t h e  maximum a n g l e  of i n c i d e n c e  i, is g i v e n  a p p r o x i m a t e l y  by one  
h a l f  t h e  r e c i p r o c a l  of t h e  f - ra t io .  F o r  an f - r a t i o  o f  5, t h e  
a n g l e  o f  i n c i d e n c e  is i m = l / l O .  
p o l a r i z a t i o n  is on t h e  o r d e r  of 
p o l a r i z e d  r a y  t h i s  r e p r e s e n t s  a r o t a t i o n  of  i ts p l a n e  o f  
Hence t h e  induced  l i n e a r  
2 x For a l i n e a r l y  m =  
p o l a r i z a t i o n  o v e r  a segment of t h e  mirror, and t h i s  r o t a t i o n  
i n t r o d u c e s  errors i n  t h e  deduced p o l a r i z a t i o n  s t a t e .  I n  F i g u r e  
24  t h e  a n g l e  o f  i n c i d e n c e  v e r s u s  t h e  p u p i l  c o o r d i n a t e  f o r  an  
' i l l u s t r a t i v e '  C a s s e g r a i n  t e l e s c o p e  is shown f o r  an  on -ax i s  and 
o f f - a x i s  r a y .  The p o i n t  to no te  is t h a t ,  f o r  t h e  o f f - a x i s  r a y ,  
t h e  a v e r a g e  a n g l e  of i n c i d e n c e  is n o t  z e r o ,  and  h e n c e  t h e r e  is a 
n e t  p o l a r i z a t i o n  e f f e c t  a s s o c i a t e d  w i t h  t h e  o f f - a x i s  r a y s .  
F u r t h e r m o r e ,  even  on -ax i s ,  w e  a v e r a g e  o v e r  t h e  square of t h e  
i n c i d e n t  a n g l e  which g i v e s  a net p o l a r i z a t i o n  c o n t r i b u t i o n ,  as 
s h a l l  be  d i s c u s s e d  below. 
For a n  on -ax i s  bean i n c i d e n t  on e i t h e r  o f  t h e  aluminum 
c o a t e d  C a s s e g r a i n  t e l e s c o p e  mirrors, t h e  magn i tude  and 
o r i e n t a t i o n  of  t h e  l i n e a r  p o l a r i z a t i o n  and l i n e a r  r e t a r d a n c e  
a s s o c i a t e d  w i t h  t h e  mirrors have t h e  fo rms  shown i n  F i g u r e  25.a 
( p o l a r i z a t i o n )  and F i g u r e  25.b (retardance.) as a f u n c t i o n  o f  t h e  
p u p i l  c o o r d i n a t e s .  I n  F i g u r e  2S.a, t h e  l inear  p o l a r i z a t i o n  is 
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F i g u r e  24. I l l u s t r a t i v e  example o f  a n g l e s  o f  i n c i d e n c e  a t  
C a s s e g r a i n  mirrors. These  cu rves  show t h e  v a r i a t i o n s  of t h e  a n g l e  
of i n c i d e n c e  a l o n g  the normal ized  p u p i l  c o o r d i n a t e  f o r  on-axis  
and o f f - a x i s  r a y s  i n c i d e n t  on both t h e  p r i m a r y  and  s e c o n d a r y  
; mirrors of a C a s s e g r a i n  system, The o f f - a x i s  r a y s  have  a non- 
:zero a v e r a g e  a n g l e  of  i n c i d e n c e  a t  b o t h  t h e  p r i m a r y  and s e c o n d a r y  
mirrors, T h i s  implies a n e t  l i n e a r  p o l a r i z a t i o n  associated w i t h  
C a s s e g r a i n  w i t h  a l a r g e r  f i e l d  of  view t h a n  t h e  one chosen  i n  t h e  
SAMEX d e s i g n .  I t  was chosen  to p r o v i d e  a v i v i d  example of t h e  
of€-axis problem. 
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c -  
r e t a r d a n c e  fo r - a  
C a s s e g r a i n  t e l e s c o p e .  . The linear p o l a r i z a t i o n  p a t t e r n  ( a )  and' 
l i n e a r  r e t a r d a n c e  p a t t e r n  (b) a s s o c i a t e d  w i t h  an aluminum-coated 
C a s s e g r a i n  p r imary  mirror a r e  shown f o r  an on-axis  beam. I n  ( a )  
the  magn i tude  and o r i e n t a t i o n  of the l i n e a r  p o l a r i z a t i o n  are 
g i v e n  as l i n e a r  segments. I n  (b) t h e  l i n e a r  segments  r e p r e s e n t  
t h e  magn i tude  and fas t -axis  o r i e n t a t i o n  of t h e  r e t a r d a n c e .  Both 
p a t t e r n s  are q u a d r a t i c  f u n c t i o n s  of t h e  p u p i l  c o o r d i n a t e  and are 
t e rmed  " p o l a r i z a t i o n  defocus ."  
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zero in the center of the mirror where the beam is at normal 
incidence. The magnitude of the linear polarization 
(polarizance) increases quadratically with distance from the 
center of the mirror. The linear polarization is oriented 
tangentially. This polarization pattern (polarization 
aberration) is called linear polarization defocus (or quadpol). 
Figures 26.a and 26.b show the effect of large amounts of linear 
polarization defocus (about 40 times more than the conventional 
Cassegrain! on beams of uniform left-circularly polarized light 
(a) and uniform, vertical-linearly polarized light (b). The 
linear polarization associated with the telescope mirrors changes 
the polarization state of the light causing spatial variations of 
intensity and polarization across the beam. If the polarization 
state of the light is now measured with a polarimeter, a 
polarization state different from that incident on the mirrors is 
obtained. Despite the symmetry associated with the resulting 
transmitted polarization patterns (such as in Figure 26), the 
polarization variations do not cancel (due to averaging over the 
incident angle squared). This is best understood by considering 
the transmitted light as being a superposition of two 
polarization states: the incident state yields the correct 
polarization measurement; the light in the orthogonal state 
constitutes the error signal introduced by the instrumental 
polarization. 
.For example, in the case of Figure 26.b, the light in 
the orthogonal state (horizontal linear polarization) has the 
form across the pupil shown in Figure 27.  Although the phases of 
this horizontal component are 180" out of phase in the four 
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Figure 26 . Linear polarization defocus effects for  a Cassegrain 
telescope. This figure illustrates linear polarization defocus 
effects for a Cassegrain primary mirror for a beam of (a) uniform 
left circular polarization and of (b) uniform vertical linear 
polarization. The ellipses and arrows at the top, bottom, left, 
and right of the diagram represent the same relative position of 
the polarization ellipse of the reflected beam of a Cassegrain 
mirror with an exceptionally large field of view ( 4 0 X  the normal 
Cassegrain field). The location of the arrowheads represents the 
phase of the light where one cycle is a full wave. The defocus 
,effect introduces the orthogonal state of polarization which 
'represents an error signal introduced by the instrumental 
polarization in the measurements made with the magnetograph. 
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Figure 27. Polarization errors associated w i t h  a Cassegrain 
telescope . This figure illustrates the orthogonal state of 
polarization introduced by the instrumental polarization of a 
Cassegrain mirror for the incident linear (vertical) polarization 
of Figure 26 b. These horizontal components will pass through 
5 the linear polarizer of a magnetograph's polarimeter when it is 
- .  z in the horizontal position and thereby contribute to the error 
' {signal of the magnetograph. 
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q u a d r a n t s  ( r e s e m b l i n g  a s t i g m a t i s m ) ,  a l l  t h i s  l i g h t  w i l l  p a s s  
t h r o u g h  a h o r i z o n t a l  l i n e a r  p o l a r i z e r  and c o n t r i b u t e  t o  t h e  ' 
p o l a r i z a t i o n  error s i g n a l .  The phase  d i f f e r e n c e s  do  n o t  c a u s e  
c a n c e l l a t i o n  o f  t h e  p o l a r i z a t i o n  a b e r r a t i o n ;  i n s t e a d  t h e y  a f f e c t  
t h e  p o l a r i z a t i o n  a c c u r a c y  and change t h e  s t r u c t u r e  o f  t h e  
d i f f r a c t i o n  p a t t e r n  (Kubota and Inoue ,  1 9 5 9 ) .  
F o r  a metall ic m i r r o r ,  t h e  e f f e c t s  of t h e  l i n e a r  
r e t a r d a n c e  are o r d e r s  of  magnitude l a r g e r  t h a n  t h e  e f f e c t s  of t h e  
weak linear polarization. Figure 25.b shows t h e  E o r m  of t h e  
l i n e a r  r e t a r d a n c e  associated w i t h  an on -ax i s  beam i n c i d e n t  a t  a 
C a s s e g r a i n  t e l e s c o p e  m i r r o r .  The o r i e n t a t i o n s  o f  t h e  l ines  
r e p r e s e n t  t h e  o r i e n t a t i o n  o f  the f a s t  a x i s  of t h e  r e t a r d a n c e .  
The l e n g t h s  o f  t h e  l i n e s  s i g n i f y  t h e  magn i tude  of  l i n e a r  
r e t a r d a n c e ,  which  i n c r e a s e s  q u a d r a t i c a l l y  w i t h  p u p i l  
c o o r d i n a t e  . T h i s  p o l a r i z a t i o n  abe r ra t ion  is called l i n e a r  
r e t a r d a n c e  d e f o c u s  or q u a d t a r d .  F i g u r e s  28.a and 28.b show t h e  
e f f e c t  o f  q u a d t a r d  on a uniform l e f t - c i r c u l a r l y  p o l a r i z e d  beam 
( 2 )  2nd OE ;r ~ n i f ~ m . ;  vertl~al-lin~arly polarized _beam [ b ) +  T h e  
d o m i n a n t  e f f e c t  o f  t h e  r e t a r d a n c e  is a c o u p l i n g  o f  l i n e a r  i n t o  
c i r c u l a r  p o l a r i z e d  l i g h t  and vice v e r s a .  T h e s e  f i g u r e s  are f o r  
r e t a r d a n c e s  a b o u t  40 t i m e s  g r e a t e r  t h a n  t h e  r e t a r d a n c e  of  a 
c o n v e n t i o n a l  C a s s e g r a i n .  
I n  g e n e r a l ,  a C a s s e g r a i n  t e l e s c o p e  d i s p l a y s  b o t h  t h e s e  
p o l a r i z a t i o n  a b e r r a t i o n s  s i m u l t a n e o u s l y ,  l i n e a r  p o l a r i z a t i o n  
d e f o c u s  and l i n e a r  r e t a r d a n c e  d e f o c u s ,  w i t h  t h e  r e t a r d a n c e  b e i n g  
t h e  l a r g e r  term. T h i s  p o l a r i z a t i o n  a b e r r a t i o n  i n d u c e s  
p o l a r i z a t i o n  c o u p l i n g  which reduces  t h e  a c c u r a c y  o f  s u b s e q u e n t  
po lar imet r ic  measurements .  The p o l a r i z a t i o n  c o u p l i n g  f o r  a 
SAMEX-type Cassegrain design but with standard aluminum coatings 
is 3 x almost two orders of magnitude greater than the 
radiometric accuracy of the optics. Similar amounts of 
polarization accuracy would be associated with relay optics 
utilizing standard antireflection coatings. 
3.3  The SMEX Design 
It is clear from the discussion of the previous section 
that standard optical designs will not suffice for the SLYEX 
foreopt ics because they produce unacceptable levels of 
instrumental polarization. 
resulted froin the development of a new method for the analysis of 
instrumental polarization based on the theory of "polarization 
aberrations." This theory allows the description of the 
variations of amplitude, phase, and polarization of an optical 
wavefront across the exit pupil of an optical system. Because 
the theory naturally incorporates the polarization properties of 
the thin film coatings on the individual surfaces of the optical 
system, this method integrates the coating design with the lens 
design. In ordinary optical design work, these two phases of the 
design are normally decoupled and pursued separately. 
The design of the SAMEX foreoptics 
This unified optical and coating design was performed 
for the SAMEX foreoptics to insure that the SAfIEX magnetograph 
will accurately measure the polarization state of incident 
sunlight. To improve the SAMEX polarization accuracy over 
standard designs, various telescope and lens coatings were 
investigated. 
telescope mirrors were found to be substantially worse than the 
Most standard reflection-enhancing coatings for 
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Figure 28. Linear retardance effects associated with a 
Cassegrain telescope. The large effect of linear retardance from 
a Cassegrain mirror is shown for ( a )  a beam of uniform left 
circular polarization and for (b) a beam of uniform linear 
(vertical) polarization. The dominant effect of linear 
retardance is a coupling of linear polarization into circular and 
vice versa. 
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bare aluminum. Two c o a t i n g s  were d e s i g n e d  which had 
s i g n i f i c a n t l y  improved p o l a r i z a t i o n  pe r fo rmance  f o r  a 
t e l e s c o p e .  These  c o a t i n g s  are descr ibed i n  t h e  section on 
c o a t i n g s  ( s e c t i o n  3.6). F i g u r e  29 shows t h e  l inear  p o l a r i z a t i o n  
( a )  and l i n e a r  r e t a r d a n c e  ( b )  associated w i t h  a C a s s e g r a i n  
t e l e s c o p e  when these coatings are u t i l i z e d  and when o r d i n a r y  
aluminum c o a t i n g s  are u s e d ,  a s  a f u n c t i o n  o f  t h e  h e i g h t  of t h e  
r a y  e n t e r i n g  t h e  t e l e s c o p e ,  f r o m  t o p  t o  bottom. The amount of 
p o l a r i z a t i o n  or r e t a r d a n c e  for t h e  t h r e e  c o a t i n g  choices is 
p l o t t e d  along t h e  y - a x i s  f o r  (1) t w o  aluminum coated mirrors, ( 2 )  
t w o  0201  coated mirrors,  and ( 3 )  one  0201 coated mirror and  one 
e i g h t - l a y e r  e n h a n c e d - r e f l e c t i o n  c o a t i n g .  The t h i r d  d e s i g n  ( 3 )  
b a l a n c e s  p o l a r i z a t i o n  and retardance e f f e c t s  o f  o p p o s i t e  s i g n s  
be tween  t h e  t w o  mirrors to  a c h i e v e  a p o l a r i z a t i o n  pe r fo rmance  
s u p e r i o r  to  e i t h e r  mirror s e p a r a t e l y .  
S i m i l a r  d e s i g n  s t r a t e g i e s  have  been  used  w i t h  t h e  r e l a y  
l e n s e s  to a c h i e v e  s i g n i f i c a n t  improvements  o v e r  c o n v e n t i o n a l  
c o a t i n g s  and t o  balance t h e  r ema in ing  p o l a r i z a t i o n  ef fects .  AS a 
r e s u l t ,  t h e  o v e r a l l  p o l a r i z a t i o n  p e r f o r m a n c e  f o r  t h e  f o r e o p t i c s  
has been  improved by a f a c t o r  o f  t e n  thousand  r e l a t i v e  t o  
c o n v e n t i o n a l  d e s i g n s .  Thus t h e  a c t u a l  a t t a i n m e n t  o f  t h e  
p o l a r i m e t r i c  s e n s i t i v i t y  de t e rmined  by t h e  SAMEX r e q u i r e m e n t s  
w i l l  p r e sumab ly  be l i m i t e d  o n l y  by w h a t e v e r  s c a t t e r i n g  e f f e c t s  
are p r e s e n t ,  and n o t  by the  i n s t r u m e n t a l  p o l a r i z a t i o n  of t h e  
o p t i c s .  
The method used to  a c h i e v e  t h i s  dramatic r e s u l t  - 
p o l a r i z a t i o n  a b e r r a t i o n  t h e o r y  - is o u t l i n e d  b r i e f l y  i n  s e c t i o n s  
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F i g u r e  29. I n s t r u m e n t a l  p o l a r i z a t i o n  e f f ec t s  f o r  r a y s . . t h r o u g h  a 
C a s s e g r a i n  t e l e s c o p e .  Linear  p o l a r i z a t i o n  ( a )  and retardance (b) 
as  a f u n c t i o n  of p u p i l  coordinate i n  a C a s s e g r a i n  t e l e s c o p e  are 
p l o t t e d  f o r  three d i f f e r e n t  sets of r e f l e c t i v e  c o a t i n g s  on t h e  
p r i m a r y  and s e c o n d a r y  m i r r o r s .  The t h r e e  sets of c o a t i n g s  are: 
(1) two .  aluminum (dot-dash c u r v e ) ,  ( 2 )  two 0201 coatings (dashed 
c u r v e ) ,  and ( 3 )  one 0201 and one aluminum ( so l id  c u r v e ) ,  T h e  
0201 i n t e r f e r e n c e  c o a t i n g  is a 201 coating of b i - l a y e r s  w i t h  h i g h  
,,(n - 1.52) and ,451 r e f r a c t i v e  indices.  . . . .  
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3.4 and 3.5  and expanded upon in Appendix C. A full development 
of the method is given in Chipman (1987). The basic results from 
the method are the second-order polarization aberration 
coefficients which provide a quantitative measure of the 
polarization accuracy of any optical system. Specifically, these 
coefficients determine the parameter A the polarization 
accuracy, defined as the maximum fraction of light which can be 
coupled into an orthogonal polarization state. It is given in 
terns of the second order polarization aberration coefficients 
P(l,0,2,2), P(l,l,l,l), and P(1,2,0,0): 
P’ 
, 
For the SAMEX magnetograph foreoptics and coating design given 
herein, the value of 
A < 1.4 x 10” P 
was obtained. For stand 
polarization accuracy is 
rd coatings of aluminum, the 
- 
A = 2.7 x P 
for a Cassegrain telescope alone (no relay lenses). (The second 
order aberration coefficients used in these calculations are 
given in Table 19.) This result for A means we have achieved 
our design goal: the polarization state of the light from the 
P 
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Sun can be determined without introducing polari'zing effects from 
optical elements in the system. We have been able to effectively 
eliminate the problem of induced instrumental polarization in the 
SAMEX foreoptics. 
3.4 Polarization Aberration Theory 
The SANEX foreoptics are intended to transmit all 
polarization states equally. But all optical interfaces display 
some polarization when used at non-normal incidence. Thus 
polarization is present in all systems at some level. If the 
system is intended to be nonpolarizing, the instrumental 
polarization is often termed "residual polarization" to signify 
its generally undesirable character. Residual polarization might 
be compared to wavefront aberration because both interfere with 
the measurement of optical fields and reduce the image forming 
potential of the optical system. 
The principai cause of i n s t r u m e n t a l  polarization I n  t h e  
optical systems of present solar magnetographs is the 
polarization due to non-normal incidence at the optical 
interfaces and coatings. Since each ray takes a different path 
through the system with its own angles of incidence and planes of 
incidence, each ray in general experiences a different change in 
its state of polarization. This residual polarization varies 
with wavelength, object coordinates and pupil coordinates. 
"Polarization aberrations" will be defined as variations of the 
amplitude, phase and polarization of an optical wavefront across 
11 
t h e  e x i t  p u p i l  of a n  o p t i c a l  sys t em and t h e  dependence  of  t h e s e  
v a r i a t i o n s  on wave leng th  and o b j e c t  c o o r d i n a t e .  The p o l a r i z a t i o n  
a b e r r a t i o n s  are extensions of t h e  w a v e f r o n t  a b e r r a t i o n s  and 
encompass b o t h  a m p l i t u d e  and p o l a r i z a t i o n  v a r i a t i o n s ,  t h u s  
p r o v i d i n g  a more comple t e  c h a r a c t e r i z a t i o n  o f  t h e  e l e c t r o m a g n e t i c  
f i e l d s  t r a n s m i t t e d  by an  o p t i c a l  sys t em.  
Vacuum-deposited t h i n  filqs. a re  used on most o p t i c a l  
s u r f a c e s  to  c o n t r o l  t h e  amount of  t r a n s m i s s i o n  and r e f l e c t i o n .  
T h e s e  t h i n  f i l m s  are u s u a l l y  less t h a n  t h e  w a v e l e n g t h  of l i g h t  i n  
t h i c k n e s s .  Being  so v e r y  t h i n ,  t h e  e f f e c t  o f  t h e  f i l m s  on r a y  
p a t h s  are a c c u r a t e l y  modeled by t r e a t i n g  t h e  f i l m s  as h a v i n g  
p a r a l l e l  s u r f a c e s  which con tour  t h e  s u b s t r a t e s  on which t h e y  are 
d e p o s i t e d .  Due t o  t h e  c l o s e l y  spaced  p a r a l l e l  s u r f a c e s ,  t h i n  
f i l m s  have  n e g l i g i b l e  i n f l u e n c e  on t h e  r a y  p a t h s  t h r o u g h  t h e  
s y s t e m  and are g e n e r a l l y  ignored  when s i m u l a t i n g  a s y s t e m  by r a y  
t r a c i n g .  These  c o a t i n g s  p r i n c i p a l l y  a f f e c t  t h e  a m p l i t u d e  and  
p o l a r i z a t i o n  o f  t h e  r a y  and have much less e f f e c t  on t h e  o p t i c a l  
p a t h  d i f f e r e n c e .  T h i s  d i v i s i o n ,  w i t h  t h e  o p t i c a l  s u r f a c e s  
g o v e r n i n g  t h e  r a y  p a t h s  and t h e  t h i n  f i l m  c o a t i n g s  g o v e r n i n g  t h e  
a m p l i t u d e  and t r a n s m i s s i o n ,  a l l o w s  t h e  o p t i c a l  s y s t e m  d e s i g n  
problem t o  n e a t l y  d e c o u p l e  into t w o  s e p a r a t e  p rob lems ,  l e n s  
d e s i g n  and c o a t i n g  d e s i g n .  The w a v e f r o n t  p e r f o r m a n c e  and image 
q u a l i t y  o f  t h e  s y s t e m  is c a l c u l a t e d  by a l e n s  d e s i g n e r  u s i n g  a 
r a y  t r a c i n g  o p t i c a l  d e s i g n  program. The a m p l i t u d e  and  
p o l a r i z a t . i o n  c a l c u l a t i o n s  a t  i n d i v i d u a l  s u r f a c e s  are pe r fo rmed  
u s i n g  a t h i n  f i l m  d e s i g n  program. 
1 2  
This decoupling of optical design and coating design has 
usually worked well. The coatings designed to optimize the 
transmittance or reflectance at an interface have usually reduced 
the amplitude and polarization variations and thus reduced the 
polarization aberrations at the interface as well. For example, 
a quarter-wave magnesium fluoride antireflection coating on glass 
typically reduces reflection losses ,at the design wavelength by a 
factor of four, and reduces the instrumental polarization by a 
comparable factor. This fortuitous circumstance has allowed lens 
and coating design to remain relatively uncoupled. Thus 
instrumental polarization was usually ignored as a higher order 
effect. But it is not sufficient to design thin film coatings in 
isolation from the lens design for the SAMEX magnetograph .- the 
demands on amplitude and polarization performance are too great. 
For the designs of the SAMEX system special methods 
have been developed to calculate the instrumental polarization of 
the SAMEX foreoptics. These methods are described in detail in 
Appendix C. Calculating the instrumental polarization requires 
performing thin film calculations during the ray tracing 
process. This idea is not new, but its implementation is complex 
enough to have delayed this obvious integration of these two 
branches of optical design until specifications required it. 
In this new methodology, a Jones polarization matrix is 
calculated for arbitrary optical paths through the optical system 
and includes the effects of all the specified optical coatings on 
the curved optical interfaces. The specific technique used for 
this calculation is the method of "polarization aberrations." 
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T h i s  is a method a n a l o g o u s  to  t h e  a b e r r a t i o n s  o f  g e o m e t r i c a l  
o p t i c s  ( s p h e r i c a l  a b e r r a t i o n ,  coma, astigmatism, e tc . )  e x c e p t  
t h a t  it encompasses  t h e  p o l a r i z a t i o n  e f f e c t s  of  c o a t i n g s  a s  w e l l  
as t h e  w a v e f r o n t  a b e r r a t i o n s .  
The a n a l y s i s  of  t h e  SAMEX o p t i c s  p r o c e e d s  i n  s e v e r a l  
s tages  and is summarized i n  Table  16. F i r s t ,  t h e  o p t i c a l  s y s t e m  
is d e s i g n e d  u s i n g  t h e  CODE 'V op t i ca t1  d e s i g n  program to  o p t i m i z e  
t h e  o p t i c a l  d e s i g n  for  a s p a t i a l  r e s o l u t i o n  w i t h  a minimum 
a p e r t u r e .  Dur ing  t h i s  p h a s e  t h e  a n g l e s  o f  i n c i d e n c e  are k e p t  as  
small  as p o s s i b l e  to  reduce p o l a r i z a t i o n  e f f e c t s  f rom c o a t i n g s .  
Second ,  s p e c i a l  t h i n - f i l m ,  r e f l e c t i o n - e n h a n c i n g  c o a t i n g s  a r e  
d e s i g n e d  f o r  t h e  t e l e s c o p e  mirrors and s p e c i a l  a n t i r e f l e c t i o n  
c o a t i n g s  are d e s i g n e d  f o r  the  l e n s e s  b e c a u s e  c o n v e n t i o n a l  . c o a t i n g  
d e s i g n s  show s i g n i f i c a n t  p o l a r i z a t i o n  and r e t a r d a n c e  
c o n t r i b u t i o n s  n e a r  normal  i n c i d e n c e .  These  c o a t i n g s  are s p e c i a l  
d e s i g n s  which r e d u c e  t h e  p o l a r i z a t i o n  e f f e c t s  a t  small  a n g l e s  of 
i n c i d e n c e  o v e r  t h e  wavelength  band of t h e  magnetograph .  Next ,  a 
T a y l o r  series is c a l c u l a t e d  to r e p r e s e n t  t h e  c o a t i n g  
p e r f o r m a n c e .  F i n a l l y ,  t h e  e f f e c t  of  t h e s e  c o a t i n g s  i n  t h e  
magne tograph  o p t i c a l  d e s i g n  is c a l c u l a t e d  u s i n g  t h e  p o l a r i z a t i o n  
a b e r r a t i o n  method; t h i s  l a s t  s t e p  p r o d u c e s  t h e  p a r a m e t e r  A t h e  
p o l a r i z a t i o n  a c c u r a c y .  
P'  
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Table 16. Steps in Instrumental Polarization. Simulation 
1. 
2 .  
3 .  
4. 
5 .  
6. 
7. 
Design optical system using CODE V. 
Design low polarization, high reflectivity telescope coatings. 
Design low polarization, antireflective lens coatings.' 
Determine Taylor series representation of coating 
performance . 
Calculate polarization aberration,coefficients of optical 
system. 
Calculate A 
Iterate 2 ,  3 ,  4 ,  zs 6 until satisfactory performance is 
achieved (A < 10 ) .  
P* 
P 
In the following section, the method for deriving the 
polarization aberration coefficients and the polarization 
accuracy A is outlined in more detail. P 
3.5 Polarization Aberration Coefficients and Polarization 
Accuracy 
The polarization states of the electromagnetic field 
are described by the complex two-component Jones vector, 3. The 
polarization states and hence the Jones vector are transformed 
when a ray passes through an optical interface which is described 
by the Jones matrix transformation JJ. For the SAMEX foreoptics 
we have homogeneous, weakly polarizing optical elements (by 
design) for which the transmission coefficients perpendicular, 
tS 
expansion of the angles of the chief and marginal rays, ic and 
and parallel, tp, are given in terms of a Taylor series 
15 
im, respectively. Each individual optical ray path for the 
rotationally symmetric system can be defined in terms of the , 
object height, H, and the pupil coordinants, p and 4 as defined 
in Figure 30. The cascade effect of an optical train is given by 
the product of the individual Jones transformation matrices for 
each element interface. Then the overall polarization of the 
foreoptics is described by the complex Jones transformation 
matrix which is expanded in terms of the ray coordinates 
( p ,  4 ,  and H) and the basis matrix set u(k): 
where P(k,u,v,w) are the expansion coefficients. The 2 by 2 
matrices, u ( k ) ,  which define the kth polarization state, are- the 
identity matrix and the Pauli spin matrices. This expansion is 
in the same form as the standard wavefront aberration expansion. 
These polarization expansion coefficients for an expansion to 
second order (specified by s = 2 )  in the angles of incidence are 
a function of the total optical transmission, T, the normalized 
secondard order basis set coefficients, d(k,s,q), for each 
individual optical element, q, and the angle of incidence of the 
chief and marginal rays . Hence these coefficients are dependent 
on the characteristics of the optical coatings and the ray 
tracing results. These SAMEX specifications are given in Table 
19a-c . 
The polarization aberration expansion for the radially 
symmetric system of interfaces with isotropic coatings and 
16 
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Figure 30 .  Paraxial coordinate system. The paraxial system is a 
normalized right-handed coordinate system. The z axis is the 
optical axis of a rotationally symmetric optical system; light 
fnitially travels in the ,direction of increasing z. Rays through 
an optical system are characterized by ray coordinates at the 
object and entrance pupil. H is the normalized object 
coordinate, P is the normalized pupil radius, and 0 is the polar 
angle in the pupil measured counterclockwise from the y axis'. 
The normalized Cartesian coordinates in the pupil are x and y .  
The chief and marginal rays are also shown. 
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nonpolarizing transparent media is given to second order in the 
angles of incidence by the polarization aberration expansion 
The amplitude aijkl of the polarization aberration coefficient 
P(i,j,k,l) describes the magnitude of the polarization aberration 
effects while the phase dijkl of the coefficient describes the 
magnitude of the retardances. Then, given a specific incident 
polarization state, the polarization state of the exit beam can 
be calculated from this matrix. Therefore the amount of 
polarization in the orthogonal state can be determined. This 
orthogonal polarization in the exit beam then determines the 
accuracy A of the polarization measurement . P 
As an example of the coupling of the optics to an 
orthogonal s t a t e  zf p e l a r i z a t i m i  i.eWi pclarization c m s s t a l k ;  
consider the following example. The on-axis linear polarization 
and linear retardance of the SAMEX foroptics, i.e., the term 
linear defocus, is described by the fourth term in the 
polarization aberration expansion JJ. The instrumental 
polarization function Jd(H,P,+) for linear defocus is then 
I 17 
where  T is t h e  a m p l i t u d e  of t r a n s m i t t a n c e  o f  t h e  s y s t e m  down t h e  
o p t i c a l  a x i s .  The transmittance (t) d e s c r i b e s  t h e  p o l a r i z a t i ' o n  
i n d e p e n d e n t  r e f l e c t i o n  and a b s o r p t i o n  losses associated w i t h  t h e  
r a y  down t h e  o p t i c a l  a x i s .  P(1,0,2,2) d e s c r i b e s  t h e  l i nea r  
p o l a r i z a t i o n  and l i n e a r  r e t a r d a n c e  ( 61022 a s s o c i a t e d  
w i t h  t h e  m a r g i n a l  r a y .  
A t  any g i v e n  p o i n t  i n  th,e p u p i l ,  t h e  e i g e n e n p o l a r i z a t i o n s  
1 
are l i n e a r l y  p o l a r i z e d  l i g h t ,  o r i e n t e d  r a d i a l l y ,  Jr ,  and 
t a n g e n t i a l l y  J t .  
p o l a r i z a t i o n  a c c u r a c y  which is t o  be d e f i n e d .  W e  s h a l l  now 
A . 
T h i s  concep t  is i n p o r t a n t  t o  t h e  d e f i n i t i o n  o f  
calculate f o r  c i r c u l a r  and linear i n c i d e n t  p o l a r i z e  l i g h t  t o  
i l l u s t r a t e  o f  t h e  e f f e c t  of c ross ta lk .  
Maxinum c o u p l i n g  occurs when t h e  i n c i d e n t  l i g h t  is 
c i r c u l a r l y  p o l a r i z e d ,  s ince  c i r c u l a r l y  po lar ized  l i g h t  can a lways  
b e  decomposed i n t o  equal  components of Jr and Jt eve rywhere  i n  
t h e  p u p i l .  The c o u p l i n g  is z e r o  i n  t h e  c e n t e r  of t h e  p u p i l  
( w h e r e  t h e  p o l a r i z a t i o n  and r e t a r d a n c e  v a n i s h )  and increases to  a 
A A 
maximum c o u p l i n g  a t  o = 1 o f  
a t  t h e  e d g e  of t h e  p u p i l .  The n e t  f r a c t i o n  of i n c i d e n t  
c i r c u l a r l y  p o l a r i z e d  l i g h t  coupled  i n t o  t h e  o r t h o g o n a l  c i r c u l a r l y  
p o l a r i z e d  s t a t e ,  IC ,  is g i v e n  by t h e  i n t e g r a l  o v e r  t h e  p u p i l ,  1 
If we have a Stokes vector of +V then the amount of polarization 
in the orthogonal state -V can be calculated. If -V is the 
maximum amount of crosstalk, we identify this as the polarization 
accuracy . 
For incident linearly or elliptically polarized light, the 
fraction of coupled intensity is less because the light is not 
composed of equal fractions of eigenstates. The coupling is 
minimum for incident linearly polarized light, which will be in 
one of the eigenpolarizations along one axis in the pupil and in 
the orthogonal eigenpolarization along the orthogonal axis. Here 
the fraction of coupled energy will be calculated assuming an 
incident polarization state of horizontal linearly polarized 
light H for calculational simplicity; the same fraction is 
coupled for any linearly polarized incident state. The 
a 
orthogonal state of vertical linearly polarized light is 
designated as V. The polar iza t ion  s t a t e  t ransmit ted by an 
optical system described by linear polarization defocus for H is 
a 
a 
The fraction of incident fi light coupled into light is equal to 
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Therefore, we defined the polarization accuracy, A as the P' 
maximum fraction of light which can be coupled into orthogonal 
polarization states. The incident polarized state is given by 
the Jones vector' 3.  his vectcr is rGtated by the optical 
system and the rotation is given by the Jones matrix, JJ. 
amount of polarization along the orthogonal state of 
polarization, 5'  I of the incident polarization state is given by 
the projection of JJ(J) into 5 ' .  i.e. 
The 
The maximum projection is used in defining the polarization 
accuracy. 
retained for the linear defocus term, P(1,0,2,2). 
This value is given by the square of the second order Jones 
matrix and is given in terms of the polarization aberration 
coefficients. 
of the second order polarization abberation coefficients 
P(1,0,2,2), P(l,l,l,l), and P(1,2,0,0): 
In the above example IC 1 > I, 2 and only IC1 is 
Then the polarization accuracy is given in terms 
20 
or 
where  t h e  i n t e g r a t i o n s  have  been car r ied  o u t  fo r  t h e  s q u a r e d  
terms and e s t i m a t e d  f o r  t h e  crossed terms as b e i n g  less t h a n  or 
e q u a l  t o  t h e  d i r e c t  p r o d u c t  t,erms. 
d e s i g n ,  t h e  v a l u e  f o r  t h e  p o l a r i z a t i o n  a c c u r a c y ,  
For t h e  SAMEX magnetograph  
A < 1.4  x 10” P 
is o b t a i n e d  f o r  s p e c i a l l y ’  s e l e c t e d  o p t i c a l  c o a t i n g s .  
s e c o n d  o r d e r  a b e r r a t i o n  c o e f f i c i e n t s  are g i v e n  i n  T a b l e  19.  The 
s e c o n d  order  c o e f f i c i e n t s  are s u f f i c i e n t  s i n c e  t h e  n e x t  o r d e r  
t h a t  c o n t r i b u t e s  is t h e  f o u r t h  o r d e r  and t h e i r  p o l a r i z a t i o n  
These  
e f fec ts  would be on t h e  o r d e r  of ( A  1 2 I n  t h e  f o l l o w i n g  s e c t i o n  P 
w e  d i s c u s s  t h e  p r o c e s s  used  t o  d e s i g n  t h e s e  s p e c i a l  o p t i c a l  
c o a t i n g s .  
2 1  
Table  19-a. Table  of Tota l  Second Order P o l a r i z a t i o n  
Aberrat ion Coefficients for t h e  
SAMEX Magnetograph Given t h e  I n d i v i d u a l  
Surface  Components of Table  19-b 
Vector Q u a d r a t i c  P i s t o n :  
q P ( L ~ , O , O )  = ' d ( 1 , 2 , q )  i C 2 ( q )  
= - 7 . 7 2 ~ 1 0 "  - Y 1 . 5 0 ~ 1 0 ' ~  r a d i a n s 2  
Vector T i l t :  
I 
c 
q P ( l , l , l , l )  = 2 d ( 1 , 2 , q )  i c ( q )  i , (q )  
= - 1 . 4 2 ~ 1 0 "  - 7 2 . 7 0 ~ 1 0 ' ~  r a d i a n s  2 
Vector Defocus:  
P ( 1 , 0 , 2 , 2 )  = d ( 1 , 2 , q )  i m 2 ( q )  
= - 1 . 9 1 ~ 1 0 ' ~  + Y 1 . 8 0 ~ 1 0 ' ~  r a d i a n s 2  
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Table 19-b. Surface by Surface Polarization Aberration Contributions 




4 1 . le-5 
5 -4.9e-6 
I 6 -1.3e-6 
I 7 -5.le-6 
I 8 -2.Se-5 
I 9 -1.3e-5 
10 -1.le-8 
11 -5.7e-7 














-2 . 7e-6 













4 . 6e-5 
5 . 8e-7 




-5 . 5e-6 







-9 . le-7 
-2 . 6e-8 
-3 . 8e-7 
-4 . le-7 
-1.9e-7 
-1 . 7e-7 
-2 . 3e-7 
-2 . 7e-6 
-1 . 5e-6 




-6 . le-8 
0 
-9 . 8e-7 




-3 . 6e-6 
Note: The surface numbers S(i) are related to the surface numbers 
q by S(i) = q + 2, i.e. q=1 is the primary mirror and the 
prefilter is not considered. The notation 8.3e-10 means 8 . 3 ~ 1 0 - ~ ~ .  
Table 19-c. The Surface Definitions for the Polarization Aberration 
Coefficient Calculations 
Second Order,, Nagnitude of 
Polarization 2nd Order 
Re Im Polarization 


























0 . 00134 
0 . 00236 
0.03862 
0 . 18664 
0.12576 
-0 . 30317 
-0.12743 
-0 . 29808 
-0.20326 
-0.00703 
-0 . 06243 























-1 . 9-7 
2 . 8k-4 
-1 . 39e-4 







1 . 32-5 
0.0 
-4 . 53e-7 
2 . 8e-4 
1.k-4 
4 . 9e-7 
n 
U 
8 . 9e-8 
n 
4 . 9e-7 
n 
1 . 3e-5 
8.9e-8 
40-7 
*(2.!32e-7 = 2.82~10'~) 
**The rate of21inear polarization (Re) and retardance (Im) per angle of 'incidence 
squared (deg for the specified optical coating. 
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3.6 Coating Designs 
A design study was performed to find coatings especially 
suitable for use in the SAMEX magnetograph. First, many 
conventional coatings were examined and found to have 
polarization and retardance properties that make them 
unacceptable for use in the SAMEX magnetograph. Alternative 
coating designs were devised with improved polarization 
performance and t he  best of these were specified for the 
instrumental polarization simulation. 
optimized and analyzed using two thin film coating programs: FTG 
Software's Filmstar and Prof. A. Macleod's (University of 
Arizona) FILNS. 
Coatings were designed, 
The requirements for the SAMEX magnetograph coatings are the 
following: 
1) They must have extremely low polarization properties 
near normal incidence so that they introduce a minimum of 
polarization or retardation into the optical system. 
Specifically, the differences between the s and p amplitude 
coefficients for reflection or transmission for less than l o o  
angle of incidence should be 0.01% and the phase difference 
should be less than 0.05O. 
2) The system's transmission must not be compromised by the 
coatings: reflective coatings should reflect > 99.9% and 
transmission coatings 'transmit > 99.7%. 
3 )  They must be manufacturable and not be excessively 
costly. 
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4 )  The amount o f  scattered l i g h t  s h o u l d  be small .  
5 )  They s h o u l d  have  r e a s o n a b l e  t o l e r a n c e s  f o r  f a b r i c a t i o n .  
S e v e r a l  common r e f l e c t i n g  c o a t i n g s  f o r  t e l e s c o p e s  and 
a n t i r e f l e c t i n g  c o a t i n g s  f o r  lenses were a n a l y z e d  and found to  be 
i n a d e q u a t e  f o r  t h e  SAMEX magnetograph.  F o r  example ,  t e l e s c o p e s  
are  f r e q u e n t l y  coated w i t h  bare  aluminum c o a t i n g s  ( 2 4 1 )  o r  
q u a r t e r - w a v e  s t a c k s  on t o p  of aluminum. These  c o a t i n g s  have  v e r y  
l i t t l e  l i n e a r  p o l a r i z a t i o n  near  normal  i n c i d e n c e  b u t  s u b s t a n t i a l  
* 
amounts  o f  l i n e a r  r e t a r d a n c e .  The common a n t i r e f l e c t i o n  coat ings 
f o r  l e n s e s  ( q u a r t e r - w a v e  MgF2 and broadband a n t i r e f  l e c t i v e  
c o a t i n g s )  have  v e r y  l i t t l e  r e t a r d a n c e  n e a r  normal  i n c i d e n c e  b u t  
s u b s t a n t i a l  l i n e a r  p o l a r i z a t i o n .  
T h r e e  c o a t i n g s  (see Table  20) have been  selected from o u r  
c o a t i n g  d e s i g n  s t u d y  fo r  i n c l u s i o n  i n  t h e  SAMEX magnetograph  
d e s i g n .  The p o l a r i z a t i o n  e f f e c t  of t h e s e  c o a t i n g s  has been  u s e d  
i n  t h e  i n s t r u m e n t a l  p o l a r i z a t i o n  s i m u l a t i o n .  These c o a t i n g s  
demanstrate t ha t  caa t ings  w i t h  t h e  necessary l o w  polarization 
p e r f o r m a n c e  can be  d e s i g n e d .  The p r e s e n t  c o a t i n g s  are  somewhat 
s e n s i t i v e  t o  f a b r i c a t i o n  e r r o r s  and are v e r y  w a v e l e n g t h  
s e n s i t i v e .  The d e s i g n s  would b e n e f i t  f rom f u r t h e r  work t o  
u n d e r s t a n d  why t h e y  w o r k ,  knowledge which s h o u l d  lead t o  f u l l y  
o p t i m i z e d  d e s i g n s  w i t h  improved m a n u f a c t u r i n g  tolerances.  
T a b l e  20 c o n t a i n s  t h e  d e s c r i p t i o n  o f  t h e  t h r e e  c o a t i n g s  
s p e c i f i e d . .  I n  a d d i t i o n ,  t h e  o p t i c a l  sys t em c o n t a i n s  t w o  cemented  
i n t e r f a c e s ,  between k f 9  g l a s s  and f k 5  g l a s s ,  s p e c i f i e d  k f 9 f k 5 .  
The p o l a r i z a t i o n  of t h i s  i n t e r f a c e ,  a l t h o u g h  n e g l i g i b l e ,  w a s  
i n c l u d e d  i n  t h e  i n s t r u m e n t a l  p o l a r i z a t i o n  c a l c u l a t i o n .  
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. . .  - -  F i g u r e "  31 . O p t i c a l  p r o p e r t i e s  o f  t h e  i n t e r f e r e n c e  c o a t i n g  0201 . 
The phase and  r e f l e c t a n c e  p r o p e r t i e s  of t h e  i n t e r f e r e n c e  c o a t i n g  
0 2 0 1  d e s i g n e d  f o r  t h e  SAMEX t e l e s c o p e  mirrors are shown a s  func-  
t i o n s  o f  t h e  a n g l e  o f  incidence ( A ,  on  t h e  l e f t )  and wave leng th  
( B ,  on  t h e  r i g h t ) .  ( A l )  The phase  of  a reflected beam is shown 
as a f u n c t i o n  of t h e  a n g l e  of i n c i d e n c e .  The s and p components  
of a n  i n c i d e n t  wave o f  wavelength  5250 A are shown as one c u r v e .  
( A 2 )  The d i f f e r e n c e  i n  p h a s e  of t h e  s and p components shown i n  
(Al) is p l o t t e d  as  a f u n c t i o n  of  t h e  angle of i n c i d e n c e .  ( A 3 )  
T h e  % reflectance of a 5250  A r e f l e c t e d  wave is shown as  a func -  
. . . .  . . . . . . . .  . . . .  - :..::.::..' wave is-' plo t ted  as a f u n c t i o n  of wavelength .  ( 8 2 )  The p e r c e n t  
f u n c t i o n  o f  wavelength .  (83)  The p e r c e n t  r e f l e c t a n c e  o f  a wave 
i n c i d e n t  a t  a n  a n g l e  of 6 O  is shown as a f u n c t i o n  of wave leng th .  
. . .  . > -. . . .  . . . . .  . .  . ..:.,.; ..... ..::. . t i o n  of t h e  a n g l e  of  i nc idence .  (B1) The phase  of t h e  r e f l e c t e d  . . . .  . . .  ;. . ..:.. ......... :. . :  
.. ...... .. . .  .:_ ;,. ..: : ::.'.:.'.. 
............. ., . 
. ...... . . . . . . . . . . . .  . .  . . . . .  r e f r e c t a n c e ' o f  a wave i n c i d e n t  a t  a n  a n g l e  of 2O is shown as a 
The c o a t i n g  0 2 0 1  is a 201- layer ,  qua r t e r -wave  enhanced  
ref lect ion c o a t i n g  s p e c i f i e d  fo r  t h e  p r i m a r y  mirror .  
p h i l o s o p h y  beh ind  t h i s  d e s i g n  is t h a t  t h e  p o l a r i z a t i o n  e f f e c t s  
ar ise  because  of l a r g e  r e f r a c t i v e  index  d i f f e r e n c e s  be tween 
T h e  
l a y e r s .  T h i s  c o a t i n g  u s e s  two mater ia ls  w i t h  a small i n d e x  
d i f f e r e n c e ,  f u s e d  s i l i c a  a t  n=1.45 and e v a p o r a t e d  g l a s s  a t  
n=1.52. To a c h i e v e  t h e  d e s i r e d  r e f l e c t i o n  p e r f o r m a n c e  w i t h  
smaller i n d e x  d i f f e r e n c e s  r e q u i r e s  more l a y e r s ,  201  i n  t h i s  
case. The materials chosen  a r e  bo th  amorphous and t h u s  q u i t e  
s u i t a b l e  f o r  c o a t i n g s  w i t h  l a r g e  numbers of l a y e r s ,  s i n c e  t h e y  
d o n ' t  d i s p l a y  t h e  m i c r o c r y s t a l l i n e  g rowth  p a t t e r n s  which lead to  
t h e  u n a c c e p t a b l e  scat ter ing and inhomgenei ty  a s s o c i a t e d  w i t h  
c r y s t a l l i n e  materials.  F igu re  31 shows pe r fo rmance  c u r v e s  f o r  
0201 b o t h  as a f u n c t i o n  of ang le  of  i n c i d e n c e  and wave leng th .  
F i g u r e  31.a-1 shows t h e  a b s o l u t e  phase  change  o n  r e f l e c t i o n  f o r  
t h e  s and p components .  The q u a d r a t i c  p o r t i o n  of  t h e s e  c u r v e s  is 
t h e  d e f o c u s  i n t r o d u c e d  by t h e  c o a t i n g .  The p a r a m e t e r  of g r e a t e s t  
i n t e r e s t  is the r e t a r d s f i c e ,  t h e  differsfice betwee: t h e  s afid z, 
p h a s e  c h a n g e s ;  it is p l o t t e d  s e p a r a t e l y  i n  31.a-2. T h i s  
r e t a r d a n c e  is below 0 . l o  over t h e  a n g l e s  of i n c i d e n c e  o f  
i m p o r t a n c e .  F i g u r e  31.a-3 shows t h e  s and p i n t e n s i t y  
r e f l e c t a n c e  as a f u n c t i o n  of a n g l e  o f  i n c i d e n c e .  The d i f f e r e n c e  
be tween t h e  s and p r e f l e c t a n c e  is t h e  l i n e a r  p o l a r i z a t i o n ,  h e r e  
less t h a n  0.01%. 
The c o a t i n g  s p e c i f i e d  f o r  t h e  s e c o n d a r y ,  L80nA1, is a more 
c o n v e n t i o n a l  8 - l a y e r ,  r e f l e c t i o n - e n h a n c i n g  coating s p e c i a l l y  
o p t i m i z e d  t o  complement t h e  0201 c o a t i n g .  T h i s  c o a t i n g  h a s  t h e  
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o p p o s i t e  s i g n  on b o t h  its l i n e a r  p o l a r i z a t i o n  and r e t a r d a n c e  
r e l a t i v e  t o  4201. Thus t h e  small r e s i d u a l  p o l a r i z a t i o n s  of  these  
t w o  c o a t i n g s  t e n d  t o  c a n c e l ,  r e s u l t i n g  i n  a n e a r l y  p o l a r i z a t i o n  
f r e e  C a s s e g r a i n  d e s i g n .  
T h e  c o a t i n g s  s p e c i f i e d  f o r  t h e  l e n s  s u r f a c e s  are a two- l aye r  
c o a t i n g  o f  t h e  V coat ing fami ly  of  d e s i g n s .  A r e g i o n  of  s o l u t i o n  
w a s  found w i t h  t h e  r e m a r k a b l e  p r o p e r f y  t h a t  t h e  l i n e a r  
p o l a r i z a t i o n  and l inear  r e t a r d a n c e  b o t h  changed s i g n s  w i t h i n  50 
nm i n  w a v e l e n g t h  of e a c h  o t h e r .  Thus ,  by v a r y i n g  t h e  t h i c k n e s s e s  
o f  t h e  l a y e r s ,  l o w  p o l a r i z a t i o n  c o a t i n g s  w i t h  s e v e r a l  d i f f e r e n t  
u s e f u l  p r o p e r t i e s  were o b t a i n e d .  The t w o  s c a l i n g s  used  i n  t h e  
d e s i g n  were 1.0 f o r  t h e  c o a t i n g  vlOc525 and 1.06 f o r  vc105256. 
T h e s e  c o a t i n g s  have by f a r  the  l o w e s t  p o l a r i z a t i o n  e f f e c t s  o f  any  
l e n s  c o a t i n g s  i n v e s t i g a t e d .  F a b r i c a t i n g  and t e s t i n g  samples  o f  
t h e s e  c o a t i n g s  s h o u l d  be  conducted  i n  t h e  n e x t  s t u d y  phase .  
Table 20. Coatings Specified fo r  the Magnetograph. 
Number of Polarization Reflectance or C o a t i n g  
Layers Hagnitude Transmission Design 
Name Tvpe 
VlOC525 Antireflection 2 4.9e-7 99 . 7% ( .25H .25L) 100 .254H 




. 25L) 2 
Reflective 201 
9 1.4e-4 
2 . 8e-4 99.98% (.062H 
H=2.15 G1.38 
99 . 65% .38H .29L .26H 
.25L (.25H 
H=2.38 b1 .38  
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A l l  t h e  p o l a r i z a t i o n  a n a l y s e s  of t h i n  f i l m s  pe r fo rmed  h e r e  
have  assumed i d e a l ,  t h i n - f  i l m  s t r u c t u r e s ,  materials which a re  
u n i f o r m ,  i s o t r o p i c ,  homogeneous and f r e e  from s c a t t e r i n g .  T h i s  
is a s u f f i c i e n t  a s s u m p t i o n  f o r  t h e  d e s i g n  and a n a l y s i s  of  t h e  
t h i n  f i l m s .  A c t u a l  t h i n  f i l m s  p o s s e s s  e x t r e m e l y  complex 
m i c r o s t r u c t u r e  which c o n t r i b u t e s  to  s c a t t e r i n g ,  inhomogenei ty  and 
a n i s o t r o p y .  The t y p i c a l  t h i n  f i l m  m i c r o s t r u c t u r e  is an  a r r a y  o f  
co lumns  growing  up o u t  of  t h e  s u b s t r a t e .  T h i s  c a u s e s  n o n i d e a l  
c o a t i n g  p r o p e r t i e s  which w i l l  i m p a i r  t h e  pe r fo rmance  of t h e  
s y s t e m  a t  some l e v e l .  
The p e r f o r m a n c e  of t h e  SAMEX magnetograph w i l l  be  enhanced  
by u s i n g  t h e  f i n e s t  c o a t i n g s  a v a i l a b l e ,  which w i l l  p r o b a b l y  be 
d e p o s i t e d  u s i n g  i o n - a s s i s t e d  t h i n  f i l m  d e p o s i t i o n .  By bombarding 
t h e  growing  t h i n  f i l m  w i t h  e n e r g e t i c  i o n s ,  u s u a l l y  he l ium or  
a r g o n ,  t h e  growing  t h i n  f i l m  s t r u c t u r e  is p r e s s e d  down and 
becomes d e n s e r  ( M a r t i n ,  1986) .  T h i s  d i s r u p t s  t h e  growth  of  t h e  
l a r g e  co lumnar  s t r u c t u r e s  which are r e s p o n s i b l e  f o r  much o f  t h e  
s c a t t e r i n g  and a n i s o t r o p y .  The r e s u l t i n g  f i l m s  have lower 
sca t te r  and greater  u n i f o r m i t y .  The i o n - a s s i s t e d  t h i n  f i l m  
d e p o s i t i o n  t e c h n i q u e  is st i l l  new and n o t  y e t  w i d e s p r e a d  i n  i ts  
u s e  . 
A s  p a r t  of t h e  p r e l i m i n a r y  e f f o r t s  l e a d i n g  to  t h e  a c t u a l  
f a b r i c a t i o n  o f  t h e  SAMEX magnetograph,  t e s t  c o a t i n g s  need to  be 
p r e p a r e d  a?d  c o a t i n g  ' v e n d o r s  q u a l i f i e d .  
m a n u f a c t u r e r s  s h o u l d  be c o n t r a c t e d  to  p roduce  small  ( 2  x 2 i n c h )  
s a m p l e s  of t h e  s p e c i f i e d  c o a t i n g s .  These  c o a t i n g s  s h o u l d  be 
S e v e r a l  c o a t i n g  
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tested for Spectral transmission, polarization performance and 
scatter (bidirectional reflection measurements) as part of the 
final design and vendor qualification. The Flarshall Space Flight 
Center and the University of Alabama in Huntsville Center for 
Applied Optics have the expertise for such coating 
characterization. These data would then be used to calculate the 
impact of the stray light coming from the coating scatter on the 
magnetic field accuracy of the magnetograph. 
3.7 Further Sources of Instrumental Polarization 
Two effects that could degrade the polarization performance 
of the SMlEX optics are coating anistropy and scattered light. 
Coating anisotropy is the variation of refractive index with 
direction in the coating. Coating anisotropy can be measured 
ellipsometrically. It frequently occurs where coatings have been 
deposited at non-normal incidence. Most coatings have a columnar 
microstructure which usually grows out of the substrate toward 
the source. For a nonnormal deposition angle, the resulting 
coatings have builtin birefringence. For the magnetograph 
optical design, this additional coating-induced retardance is a 
problem which must be held to acceptable levels in the final 
coatings. A level of anisotropy below a root sum squared 
birefringence of 0.0001 radians rms per coating is highly 
desirable. 
Scattering depolarizes light: the scattered light is random 
and carries less information about its original polarization 
state. Coatings, because of their detailed microstructure, may 
30 
d i s p l a y  s u b s t a n t i a l  S c a t t e r i n g .  C o n s i d e r a b l e  e f f o r t  is b e i n g  
d e v o t e d  on many a p p r o a c h e s  to p r o d u c i n g  o p t i c s  w i t h  r e d u c e d  
s c a t t e r ,  i n c l u d i n g  t h e  i o n - a s s i s t e d  d e p o s i t i o n  c o a t i n g s  a l r e a d y  
m e n t i o n e d .  S c a t t e r i n g  i n  t h e  c o a t i n g s  of t h e  f o r e o p t i c s  w i l l  
p r o b a b l y  be t h e  l i m i t i n g  f a c t o r  i n  t h e  a c c u r a c y  of t h e  
magne tograph ,  now t h a t  t h e  i n s t r u m e n t a l  p o l a r i z a t i o n  of  t h e  
C a s s e g r a i n  t e l e s c o p e  h a s  been r educed  by o r d e r s  of magn i tude .  
3.8 O p t i c a l  T o l e r a n c e s  
An o p t i c a l  t o l e r a n c e  s t u d y  of t h e  magne tograph  is o u t s i d e  
t h e  scope of t h i s  s t u d y .  However w e  would l i k e  to  p o i n t  o u t  t h e  
areas of special  s t u d y  t h a t  a r e  needed f o r  a f l i g h t  i n s t r u m e n t .  
The i n d i v i d u a l  op t i ca l  components  need t o  be  q u a l i f i e d  f o r  
s p a c e f l i g h t .  T h i s  would i n c l u d e  o p e r a t i o n  u n d e r  a vacuum f o r  a n  
e x t e n d e d  p e r i o d  of t i m e .  The e f f e c t s  of  p a r t i c l e  r a d i a t i o n  o v e r  
t h e  l i f e t i m e  of t h e  spacecraft  must be r e s o l v e d .  The m e c h a n i c a l  
r o b u s t n e s s  of  t h e  o p t i c a l  sys t em is to  be d e f i n e d .  T h i s  would 
i n c l u d e  t h e  e f f e c t  of t h e r m a l  d r i f t  on t h e  o p t i c a l  a l i g n m e n t .  
The g e n e r a l  e f f e c t s  of mechan ica l  f i t t i n g  and s e n s i t i v i t y  d u e  to  
f a b r i c a t i o n  errors need t o  be a d d r e s s e d ,  i n c l u d i n g  s u r f a c e  
f i g u r e ,  t i l t s ,  d e c e n t r a t i o n s ,  and op t i ca l  c o a t i n g  v a r i a t i o n s .  
The o v e r a l l  a l i g n m e n t  and c a l i b r a t i o n  p r o c e d u r e s  are t o  be 
specif ied b e f o r e  t h e  o p t i c a l  d e s i g n  is c o m p l e t e d  (Yoder ,  1 9 8 6 ) .  
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APPENDIX C 
POLARIZATION ABERRATION THEORY 
Introduction 
This appendix describe the method which have been developed 
to calculate the instrumental polarization of the SAMEX optics. 
A full development of the method is contained in "Polarization 
Aberrations" by Chipman (1987). The calculation requires 
performing thin film calculations during the optical design 
process to determine the two parts (eigenvectors) of an optical 
beam, as a function of the object and pupil coodinates. 
The mathematical method of treating instrumental 
polarization will be first discussed in terms of the Jones and C- 
vectors and then the polarization aberration expansion will be 
derived. 
The Jones Matrix and C Vector for the Characterization of 
Polarization 
The most efficient mathematical method for treating the 
SAMEX instrumental polarization is the Jones calculus. The 
Mueller calculus is a more difficult representation which 
includes optical depolarization (scatters) properties. Such weak 
depolarization effects are more readily handled by experimential 
measurements. The Jones calculus (Jones 1941a-c,1942,1947, Azzam 
and Bashara 1977, Theocaris and Gdoutos) is a mathematical 
formalism for treating problems involving the description of 
polarized light and polarizers which uses the Jones vector for 
t h e  d e s c r i p t i o n  of p o l a r i z e d  l i g h t  and t h e  J o n e s  m a t r i x  to  
characterize t h e  p o l a r i z i n g  p r o p e r t i e s  of an  o p t i c a l  e l e m e n t . '  
The d e t a i l s  of  t h e  following d i s c u s s i o n  are g i v e n  by Chipman 
( 1 9 8 7 ) .  The e l e m e n t s  of t h e  Jones m a t r i x  and t h e  C v e c t o r  
c h a r a c t e r i z a t i o n  are o u t l i n e d  f i r s t .  
D e f i n i t i o n  o f  t h e  J o n e s  Vector i n  terms o f  t h e  Electric F i e l d  
Amp1 i t u d e s  
The J o n e s  v e c t o r  e x p r e s s i o n  for t h e  a quas i -monochromat ic  
p l a n e  wave p r o p a g a t i n g  p a r a l l e l  to t h e  z a x i s  w i t h  e lectr ic  f i e l d  
amp1 i t u d e  
where 
t )  c o s [ ( k z - w t )  + e,] I 
and  , 
A A 
where  ix and  iy are d i r ec t ion  u n i t  v e c t o r s  i n  t h e  x and y 
d i r e c t i o n  w i t h  t h e  l i g h t  p r o p a g a t i o n  i n  t h e  z d i r e c t i o n .  T h e r e  
are  4 p a r a m e t e r s  E O , x I  E O , y ,  ex,  and ey d e f i n i n g  t h e  wave b e s i d e  
t h e  w a v e l e n g t h .  
The t i m e  dependen t  J o n e s  v e c t o r  is d e f i n e d  i n  terms of  t h e  
e lectr ic  f i e l d  a m p l i t u d e s  a s ,  
The components of J(t) are the instantaneous components of E(t). 
The normalized Jones vector J is a time independent 
normalized vector where all the vector components of J(t) have 
been divided by the incident electric field amplitude, 
J = J(t)/Eo(t) . 
The normalized Jones vector is referred to as "the Jones vector" 
unless otherwise stated. 
information necessary to reconstruct E( t) to within a constant 
Knowledge of J and Eo provides all. the 
phase factor. 
Table C-1 lists the Jones vectors for the most common 
polarization states: horizontal linear,'vertical linear, + 4 5  
degrees linear, -45 degrees linear, right circular and left 
circular polarized light . These vectors can be multiplied by an 
arbitrary phase factor without changing the polarization ellipse 
of the light: it only changes the absolute phase. 
Having established the vector which defines the polarization 
0 
state we now consider the matrices which represent the 
polarization effect of the optical elements and allow 
polarization calculations to be performed. 
T a b l e  C-1. The Basic J o n e s  Vector  R e p r e s e n t a t i o n ,  f o r  L inear  
and C i r c u l a r  P o l a r i z e d  L i g h t  
L inea r  P o l a r i z e d  L i q h t  
H o r i z o n t a l  . Ver t i ca l  + 4 5  Degrees - 4 5  Degrees  
s 1  K I  I:I 1-1 I 
C i r c u l a r  P o l a r i z e d  L i g h t  
R i g h t  C i r c u l a r  
s i  11 
I-i I 
where  s = - 47 
2 
L e f t  C i r c u l a r  
s 111 
l i  I 
I n  h i s  o r i g i n a l  p a p e r ,  Jones  ( 1 9 4 1 a )  shows t h a t  t h e  
r e l a t i o n s h i p  between t h e  Jones  v e c t o r  i n c i d e n t  on a p o l a r i z e r ,  J,  
a n d  t h a t  t r a n s m i t t e d  or r e f l e c t e d  by a p o l a r i z a t i o n  e l e m e n t , '  J', 
c a n  a l w a y s  be re la ted by a m a t r i x ,  t h e  J o n e s  m a t r i x ,  JJ. Only 
c e r t a i n  t r a n s f o r m a t i o n s  o f  t he  f i e l d  components  are allowed, 
t h o s e  descr ibable  by a m a t r i x .  Thus t h e  f u n d a m e n t a l  r e l a t i o n s h i p  
be tween  t h e  v e c t o r  components  or' t h e  e iectromagnet ic  f i e i d s  
b e f o r e  and a f t e r  a p o l a r i z i n g  e l e m e n t  is, 
J' = JJ J 
The J o n e s  m a t r i x ,  JJ, is a t w o  by two m a t r i x  w i t h  complex 
e l e m e n t s ,  
where  j ( k , l )  = a ( k r l )  + i b ( k , l )  . 
Thus t h e  J o n e s  m a t r i x  has  e i g h t  d e g r e e s  of f reedom.  Thu's 
t h e r e  are e i g h t  d i f f e r e n t  forms of p o l a r i z a t i o n  b e h a v i o r .  These  
e i g h t  fo rms  a re  l i s t ed  i n  T a b l e  2E. Every J o n e s  m a t r i x  
c o r r e s p o n d s  t o  a p h y s i c a l l y  r e a l i z a b l e  p o l a r i z e r .  
Sequences  of P o l a r i z e r s  
I 
The J o n e s  m a t r i x  associated w i t h  an o p t i c a l  ray p a t h  t h r o u g h  
a s e q u e n c e  of p o l a r i z a t i o n  e l emen t s  is j u s t  t h e  m a t r i x  p r o d u c t  of 
t h e  J o n e s  matrices f o r  t h e  i n d i v i d u a l  p o l a r i z e r s .  I f  an  op t ica l  
r a y  t r a v e r s e s  a series of e l e m e n t s ,  1, 2,  ... Q, and t h e  J o n e s  
matrices a p p r o p r i a t e  t o  t h a t  r ay  f o r  e a c h  e l e m e n t  are, JJ(11, 
J J ( 2 ) ,  ... J J (Q) ,  t h e n  t h e  Jones m a t r i x  d e s c r i b i n g  t h e  
p o l a r i z a t i o n  p r o p e r t i e s  of t h e  sys t em along this r a y  p a t h  is 
g i v e n  by t h e  m a t r i x  p r o d u c t ,  
JJ = JJ (Q)  . . e  J J ( 2 )  JJ(1) 
S i n c e  t h e  J o n e s  mat r ix  of an  o p t i c a l  e l e m e n t  is d e p e n d e n t  
upon t h e  w a v e l e n g t h ,  a n g l e  of i n c i d e n c e ,  o r i e n t a t i o n ,  and p a t h  
t h r o u g h  t h e  e l e m e n t ,  e a c h  r a y  i n  each  wave leng th  w i l l  u s u a l l y  
h a v e  a d i f f e r e n t  J o n e s  m a t r i x .  Only i f  a collimated 
monochromatic  beam t h r o u g h  a series o f  p l a n a r  o p t i c a l  i n t e r f a c e s  
c a n  be assumed,  t h e n  a s ing le  J o n e s  m a t r i x  c a n  be  w r i t t e n  f o r  t h e  
en t i r e  cross s e c t i o n  of  t h e  beam. T h i s  is t h e  case i n  t h e  
polarimeter s e c t i o n  of t h e  magnetograph b u t  n o t  i n  t h e  
f o r e o p t i c s .  
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C o o r d i n a t e  System 
The Jones m a t r i x  is c s f i n e d  r e l a t i v e  to  a n  a rb  t r a r y  x and y 
coordinate sys tem.  S i n c e  t h e s e  c o o r d i n a t e s  have  been d e f i n e d  f o r  
t h e  J o n e s  v e c t o r ,  t h e  c o o r d i n a t e  s y s t e m  of  t h e  J o n e s  m a t r i x  is 
d e f i n e d  i n  terms of t h e  J o n e s  v e c t o r  c o o r d i n a t e s .  
I t  is o f t e n  d e s i r a b l e  t o  a l i g n  t h e  J o n e s  v e c t o r s  c o o r d i n a t e s  
w i t h  t h e  s and p p l a n e s  of an o p t i c a l  i n t e r f a c e .  Only f o r  p l a n e  
s u r f a c e s  does t h e  o r i e n t a t i o n  of the s and p p l a n e s  remain  f i x e d  
across t h e  s u r f a c e .  For  nonp lana r  s u r f a c e s ,  it is n e c e s s a r y  t o  
m a i n t a i n  t w o  sets of c o o r d i n a t e s ,  t h e  g l o b a l  x and y c o o r d i n a t e s  
w i t h  r e s p e c t  to  which t h e  Jones  m a t r i x  is d e f i n e d ,  and a l o c a l  s 
and p coordinate f o r  e a c h  i n d i v i d u a l  p o i n t  on t h e  i n t e r f a c e .  The 
local s and p coordinate system w i l l  have  its x '  and y '  a x e s  
a l i g n e d  w i t h  t h e  local  s and p p l a n e s  of  t h e  s u r f a c e  f o r  t h e  
e v a l u a t i o n  of  Jones matrices a t  g i v e n  s u r f a c e  c o o r d i n a t e s .  T h e n ,  
t h e s e  local Jones matrices w i l l  be r o t a t e d  t o  br ing  a l l  t h e  
matrices i n t o  t h e  g l o b a l  coordinate s y s t e m .  
P a u l i  S p i n  M a t r i x  Basis and t h e  C V e c t o r  
The P a u l i  s p i n  m a t r i c e s  form a most u s e f u l  b a s i s  f o r  
i n t e r p r e t i n g  t h e  J o n e s  m a t r i x  " s p a c e "  and d e f i n e  a basis  s e t  f o r  
t h e  JJ m a t r i x .  The i d e n t i t y  m a t r i x ,  u(0) and t h e  P a u l i  s p i n  
matrices, a ( l ) ,  ~ ( 2 1 ,  and ~ ( 3 1 ,  are d e f i n e d  by: 
An a r b i t r a r y  J o n e s  m a t r i x  w i l l  be e x p r e s s e d  a s ,  
3 
k=O 
JJ = C c ( k )  u(k). I 
The c's are formed i n t o  a f o u r  e l e m e n t  complex v e c t o r ,  t h e  
"C v e c t o r " .  The C v e c t o r  e x p r e s s i o n  
a n  e q u i v a l e n t  r e p r e s e n t a t i o n  of t h e  J o n e s  m a t r i x ,  
c (2)  - i c ( 3 )  
c(0)  - c ( l )  1 c ( 2 )  + i c ( 3 )  
When n e c e s s a r y ,  p and (b refer to  t h e  a m p l i t u d e  and p h a s e  p o r t i o n s  
o f  t h e  C v e c t o r  e l e m e n t s ,  
The e l e m e n t s  of C a re  r e l a t e d  to  t h e  J o n e s  m a t r i x  e l e m e n t s  by t h e  
e q u a t i o n s :  
The e l e m e n t s  of t h e  Jones  m a t r i x  are  related t o  t h e  e l e m e n t s  o f  C 
by t h e  e q u a t i o n s :  
. T h e  C vector,  l i k e  t h e  Jones  m a t r i x ,  h a s  e i g h t  degrees o f  
f reedom. Table C-2 c o n t a i n s  a d e s c r i p t i o n  of t h e  meaning of t h e  
real  and  i m a g i n a r y  p a r t s  o f  t h e  c vector e l e m e n t s .  
TABLE C-2. I n t e r p r e t a t i o n  o f  t h e  C Vector E lemen t s  
M a t r i x  C o e f f i c i e n t  Meaning 
Ampli tude 
Phase  
Amp1 i t u d e  
Phase  




A b s o r p t i o n  
Phase 
L i n e a r  P o l a r i z a t i o n  a l o n g  Axes 
L i n e a r  R e t a r d a n c e  a l o n g  Axes 
L i n e a r  P o l a r i z a t i o n ,  45 deg 
L i n e a r  R e t a r d a n c e ,  45 deg 
C i r c u l a r  P o l a r i z a t i o n  
C i r c u  1 a r R e t  a rda n c e  
C 
The Jones  M a t r i x  and C V e c t o r s  f o r  S p e c i f i c  P o l a r i z e r s  
T a b l e s  o f  J o n e s  matrices f o r  v a r i o u s  p o l a r i z e r s  are found i n  
Azzam and Bashara ( 1 9 7 7 ,  S e c t i o n  2 .2 .31 ,  Hecht  and Zajac (1974, 
T a b l e  8 . 6 ) ,  S h u r c l i f f  ( 1 9 6 2 ,  Appendix 2 ) ,  and Theocaris and  
Gdou tos  (1979, T a b l e  4.1). A t a b l e  l i s t i n g  of  t h e  J o n e s  matrices 
and C v e c t o r s  f o r  t h e  most common p o l a r i z e r s  and r e t a r d e r s  is 
g i v e n  i n  Chipman ( 1 9 8 7 ,  T a b l e  6 ) .  * 
The Meaning of t h e  C o e f f i c i e n t s  of  t h e  C Vector 
The p r i m a r y  r e a s o n  f o r  t h e  i n t r o d u c t i o n  o f  t h e  C v e c t o r  is 
t o  s i m p l i f y  t h e  r e p r e s e n t a t i o n  of p o l a r i z e r s .  Each o f  t h e  
e l e m e n t s  of t h e  C v e c t o r  r e p r e s e n t s  a s p e c i f i c  t y p e  o f  p o l a r i z e r  
b e h a v i o r .  
The real  p a r t s  of t h e  C vector a l l  c o r r e s p o n d  to  a m p l i t u d e  
e f f e c t s ,  a b s o r p t i o n  and d i c h r o i s m .  The p h a s e  p o r t i o n  o f  t h e  C 
v e c t o r  r e p r e s e n t  p h a s e  e f f e c t s ,  p r o p a g a t i o n  and b i r e f r i n g e n c e .  
The f i rs t  element! c ( O ) = p [ O ) e x p ( i . $ ( O ) ) ,  is t h e  coefficient nf the 
i d e n t i t y  m a t r i x .  Thus it must r e p r e s e n t  e f f e c t s  t h a t  are 
p o l a r i z a t i o n  s t a t e  independen t :  these are a m p l i t u d e  and p h a s e .  
The l a s t  e l e m e n t ,  c ( 3 ) = p ( 3 ) e x p ( i $ ( 3 ) ) ,  m u l t i p l i e s  t h e  s p i n  m a t r i x  
u ( 3 )  which  is ro ta t ion  i n v a r i a n t .  Thus t h e  c ( 3 )  term r e p r e s e n t s  
t h e  c i r c u l a r  p o l a r i z a t i o n  e f f e c t s :  p ( 3 )  d e s c r i b e s  c i r c u l a r  
p o l a r i z a t i o n  or c i r c u l a r  d i ch ro i sm and $ ( 3 )  d e s c r i b e s  c i r c u l a r  
r e t a r d a n c e  or c i r c u l a r  b i r e f r i n g e n c e .  The r e m a i n i n g  t w o  
e l e m e n t s ,  c (1 )  and c ( 2 ) ,  r e p r e s e n t  l i n e a r  p o l a r i z a t i o n  and l i n e a r  
r e t a r d a n c e .  L i n e a r  terms r e q u i r e  two d e g r e e s  of f reedom: 
m a g n i t u d e  and o r i e n t a t i o n .  Thus, p ( 1 )  and p ( 2 )  c h a r a c t e r i z e  
linear polarization or linear dichroism, ~ ( 1 )  in the 0 degrees 
and 90 degrees directions, ~ ( 2 )  in the + and -45  degrees 
directions. Likewise, +(1) and $ ( 2 )  characterize linear 
retardance or linear birefringence. 
Rotated Polarizers 
If a polarizer with Jones matrix JJ is rotated through an 
angle 8 (positive if counterclockwise), the Jones matrix becomes 
The R(8)'s are the Jones rotation matrices: 
The Jones rotation matrices obey the relations, 
R(a) R ( b )  = R(b) R(a) = R(a+b) 
and , 
R(a) R(-a) = ~ ( 0 ) .  
The identity matrix is invariant under rotation; 
Under rotation, o ( 1 )  and u ( 2 )  couple into each other: 
~~ ~ ~ 
u(3) is invariant.under rotation; R ( 8 )  ~ ( 3 )  R ( - e )  = ~ ( 3 ) .  
Having established the polarization calculus which describes the 




Two types of polarization calculations can be performed for 
the SAMEX magnetograph: instrumental polarization and transmitted 
light polarization. The first is the calculation of the 
polarization associated with ray paths through an optical 
system. This determines the instrumental polarization function 
as a function of pupil coordinates for a specified object 
point. The other type of calculation determines the state of 
m r r l 3 * : " 3 * ; - "  -..-L 
Y u L U I L Y a I - ~ w l ~ I  ~ u ~ I A I  as a Jeiies vectsr, transmitted by the system 
along a given ray path for a specified input polarization 
state. By iterating this process, the Jones vector as a function 
of position in the exit pupil is calculated. This Appendix deals 
only with the instrumental polarization calculation. Once the 
instrumental polarization function for the system is known, the 
transmitted Jones vectors are readily determined for all input 
polarizatian states. . 
P o l a r i z e r s  are o p t i c a l  e l e m e n t s  which d i v i d e  a n  o p t i c a l  beam 
i n t o  t w o  p a r t s  (Jones v e c t o r )  and t r a n s m i t  t h o s e  p a r t s  w i t h  a 
d i f f e r e n t  t r a n s m i s s i o n  c o e f f i c i e n t  and  a d i f f e r e n t  phase .  The 
t w o  p a r t s  of  t h e  beam are r e f e r r e d  to  t h e  e i g e n v e c t o r s  or by t h e  
more d e s c r i p t i v e  term, " e i g e n p o l a r i z a t i o n s . "  The two 
e i g e n p o l a r i z a t i o n s  a re  o r t h o g o n a l l y  p o l a r i z e d  and are t ransmi t ted  
by t h e  p o l a r i z e r  w i t h  no a l t e r a t i o n  o f  t h e i r  p o l a r i z a t i o n  s ta tes :  
o n l y  t h e  i n t e n s i t y  and phase  changes .  
1 
The word p o l a r i z e r  w i l l  be used t o  r e f e r  t o  b o t h  p o l a r i z e r s ,  
s u c h  as d i c h r o i c  or grism type ,  which have  a d i f f e r e n t  
t r a n s m i t t a n c e  f o r  t h e  t w o  e i g e n p o l a r i z a t i o n s ,  and r e t a r d e r s ,  
which have e q u a l  t r a n s m i t t a n c e  bu t  a d i f f e r e n t  p h a s e  change  f o r  
t h e  po lar iza t ions .  ' P o l a r i z e d  L i g h t '  by S h u r c l i f f ( l 9 6 2 )  is t h e  
s tandard r e f e r e n c e  on  t h e  t y p e s  of p o l a r i z e r s ,  t h e i r  d e f i n i t i o n s ,  
p a r a m e t e r s  and p r o p e r t i e s .  
m ---- ----  c . . - - l -  
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The SANEX f o r e o p t i c s  a r e  h i g h l y  t r a n s p a r e n t  and weakly 
p o l a r i z i n g  and t h e  f o l l o w i n g  c a l c u l a t i o n a l  method is o p t i m i z e d  
f o r  t h i s  case. The i d e a l  Jones m a t r i x  fo r  a r a y  t h r o u g h  a 
t r a n s p a r e n t  n o n p o l a r i z i n g  system is 
J J ( i d e a 1 )  = e x p  (Yd) 
where  d is t h e  o p t i c a l  p a t h  l e n g t h  f o r  t h e  r a y  i n  r a d i a n s .  (The  
complex v a l u e  (-1) v 2 is d e n o t e  by 7 ) .  The J o n e s  m a t r i x  o p e r a t i o n  
on  t h e  J o n e s  v e c t o r ,  which is composed o f  t h e  t w o  o r t h o g o n a l  
a m p l i t u d e  components ,  d e f i n e  t he  t r a n s m i t t e d  s t a t e  of t h e  ray. 
The above  i dea l  Jones m a t r i x  is t h e  i d e n t i t y  m a t r i x ,  which 
s i g n i f i e s  t h a t  t h e  sys t em has  no  a b s o r p t i o n  o r  p o l a r i z a t i o n .  
S i n c e  t h i s  is t h e  desired form of t h e  J o n e s  m a t r i x  f o r  t h e  SAMEX 
f o r e o p t i c s ,  t h e  approach  developed  h e r e  o b t a i n s  t h e  i n s t r u m e n t a l  
p o l a r i z a t i o n  f u n c t i o n  as  a T a y l o r  series of  t h e  s y s t e m  Jones 
m a t r i x  i n  t h e  r a y  c o o r d i n a t e s  a b o u t  J J ( idea1) .  T h i s  a p p r o a c h  is 
e a s i l y  modified fo r  s y s t e m s  which a r e  n o t  h i g h l y  t r a n s p a r e n t  or 
which c o n t a i n  s t r o n g  p o l a r i z e r s  by p e r f o r m i n g  t h e  T a y l o r  series 
a b o u t  t h e  Jones m a t r i x  f o r  t h e  r a y  down t h e  o p t i c a l  a x i s .  T h i s  
w o r k  deals  p r i m a r i l y  w i t h  t h i s  s i m p l e r  v e r s i o n  of t h e  problem,  
t r a n s p a r e n t  s y s t e m s ,  t o  s t reamline t h e  SAMEX c a l c u l a t i o n s .  
S-P C o o r d i n a t e s  
T o  h a n d l e  problems i n v o l v i n g  l i g h t  a t  nonnormal  i n c i d e n c e  a t  
c u r v e d  o p t i c a l  s u r f a c e s ,  it is n e c e s s a r y  to  m a i n t a i n  t w o  s e p a r a t e  
c o o r d i n a t e  s y s t e m s :  x-y c o o r d i n a t e s  and s-p c o o r d i n a t e s .  The  x-y 
c o o r d i n a t e s  are t h e  g l o b a l  x ,  y and z coordinate s y s t e m  used  t o  
describe t h e  o p t i c a l  sys tem.  The o p t i c a l  a x i s  of  r a d i a l l y  
s y m m e t r i c  o p t i c a l  s y s t e m s  coincides w i t h  t h e  z a x i s ,  
The s-p c o o r d i n a t e s  are  used to  p e r f o r m  p o l a r i z a t i o n  
c a l c u l a t i o n s  w i t h  t h e  SAMEX c o a t i n g s  which are a n g l e  of  i n c i d e n c e  
d e p e n d e n t .  Most f r e q u e n t l y ,  t h e  f u n c t i o n a l  form of t h e  i n t e r f a c e  
p o l a r i z a t i o n  is known i n  s-p c o o r d i n a t e s .  Thus ,  t h e  r a t iona l  f o r  
u s i n g  s-p c o o r d i n a t e s  is t h a t ,  t y p i c a l l y ,  t h e  Jones m a t r i x  f o r  a 
r a y  a t  an  o p t i c a l  i n t e r f a c e  w i l l  be c a l c u l a t e d  i n  t h e  s -p  
c o o r d i n a t e s .  Then it w i l l  be rotated i n t o  t h e  s y s t e m  x-y 
coordinates.  Once a l l  t h e  Jones matrices f o r  t h e  r a y  a t  a l l  
s u r f a c e s  have been ro ta ted  i n t o  x-y c o o r d i n a t e s ,  t h e y  can  be  
cascaded t o  g i v e  t h e  i n s t r u m e n t a l  p o l a r i z a t i o n  a l o n g  t h a t  r a y  
p a t h  i n  t h e  s y s t e m  x-y coordinates. 
The s-p coordinates are based on t h e  c o n c e p t  of  t h e  s and p 
p l a n e s .  C o n s i d e r  l i g h t  w i t h  u n i t  wave v e c t o r  k ( n o r m a l i z e d  t o  
o n e )  i n c i d e n t  a t  a s u r f a c e  wi th  normal  n. The p l a n e  of 
i n c i d e n c e ,  or "p-p lane"  is t h e  p l a n e  which c o n t a i n s  k and n. T h e  
p l a n e  p e r p e n d i c u l a r  to  t h e  p l a n e  of i n c i d e n c e  which c o n t a i n s  k is 
t h e  "s -p lane" .  Two u n i t  v e c t o r s  p e r p e n d i c u l a r  t o  k are d e f i n e d  
to  form an  o r t h o n o r m a l  basis  for t h i s  c o o r d i n a t e  sys t em.  
I n s t r u m e n t a l  P o l a r i z a t i o n  
A l l  o p t i c a l  elements d i s p l a y  v a r i a t i o n  o f  t h e i r  J o n e s  ' 
matrices as t h e  a n g l e  of i n c i d e n c e  c h a n g e s .  F u r t h e r ,  t h i s  a l w a y s  
i n v o l v e s  more t h a n  j u s t  a v a r i a t i o n  i n  t h e  i n t e n s i t y  and p h a s e  o f  
t h e  l i g h t :  it also i n v o l v e s  p o l a r i z a t i o n  and r e t a r d a n c e .  A f i n e  
o p t i c a l  e l e m e n t  used  i n  a t r a n s p a r e n t  s y s t e m  w i i i  n o t  d i s p i a y  
p o l a r i z a t i o n  e f f e c t s  a t  normal i n c i d e n c e ;  it may show some 
a b s o r p t i o n ,  r e f l e c t i o n  loss or p h a s e  s h i f t ,  b u t  n o t  p o l a r i z a t i o n  
o r  r e t a r d a n c e  . 
The J o n e s  m a t r i x  c a n  be decomposed and can be e x p r e s s e d  a s  
where ~ ( k )  are the identity matrix and the Pauli spin matrices 
which describe the specific polarization state. The c(k) defined 
a vector which then described the polarization properties of the 
element. At an angle of incidence i, the C vector will have the 
form 
ci = (c(O,i),c(l,i),c(2,i),c(3,i)) = 
where each component has an amplitude ( p )  and a phase ( 0 )  part,. 
The functional dependences of the C vector coefficients are 
calculated from the Fresnel equations and coating equations for  
the interface. 
Weak Polarizers 
A weak polarization element is defined as a polarizer having 
a C vector such that for some range of i: 
Such a polarization element transmits light in a polarization 
state similar to the incident state with only weak coupling into 
other polarization states. The polarization behavior is 
dominated by transmission with only traces of polarization or 
retardance. Any polarization present is at the few percent level 
or less, such that any linearly polarized incident beam has a 
transmission coefficient which varies a few percent or less with 
. 
orientation. Similarly, the retardation is degrees or less, far 
less than a quarter wave ( ~ / 2 )  retarder. Near normal incidence, 
metals in reflection (e.g. telescope mirrors) and dielectric 
refracting interfaces (e.g. relay lens) are weak polarizers. In 
addition, near normal incidence, anti-ref lection coated lenses 
used in transmission and metals with reflection enhancing 
coatings are typically weak polarizers for wavelengths near the 
thin film design wavelength. 
Amplitude Transmission Relations 
The amplitude transmission equations for an interface are 
the equations which relate the amplitude and phase of the 
electric fields, E, at an interface. The most general amplitude 
transmission equations for a nonscattering linear interface ire: 
where for this section, the plane of incidence will be aligned 
with the y axis. This equation is equivalent to the Jones matrix 
equation, 
For interfaces whose eigenpolarizations are linear polarized 
light oriented parallel and perpendicular to the plane of 
r7 
i n c i d e n c e ,  t h e  t r a n s f e r  of energy  across t h e  i n t e r f a c e  is 
s e p a r a b l e  i n t o  two uncoupled  components which can  be w r i t t e n  i n  
t h e  form: 
The  a m p l i t u d e  t r a n s m i s s i o n  c o e f f i c i e n t s  a ( s )  and a ( p ) ,  or i n  
p o l a r  c o o r d i n a t e s ,  ~ ( s ) ,  O(s) ,  ~ ( p ) ,  and +(PI, are  d e t e r m i n e d  by 
t h e  F r e s n e l  e q u a t i o n s  f o r  t h e  i n t e r f a c e .  
t r a n s f e r  e q u a t i o n ,  where  t h e  s and p e q u a t i o n s  are s e p a r a b l e ,  is 
a " s e p a r a b l e  a m p l i t u d e  t r a n s m i s s i o n  r e l a t i o n . "  Only  p o l a r i z a t i o n  
e l e m e n t s  w i t h  l i n e a r l y  p o l a r i z e d  l i g h t  as t h e  e i g e n p o l a r i z a t i o n s  
have  t h e  e n e r g y  t r a n s f e r  e q u a t i o n s  i n  t h e  s e p a r a b l e  form. T h i s  
i n c l u d e s  all t h e  e l e m e n t s  and c o a t i n g s  used  i n  t h e  SAMEX 
f o r e o p t i c s .  
The t y p e  of e n e r g y  
The s e p a r a b l e  a m p l i t u d e  t r a n s m i s s i o n  r e l a t i o n s  c o r r e s p o n d  t o  
a diagonal  Jones m a t r i x  i n  s-p coordinates. The J o n e s  m a t r i x  and 
C v e c t o r  f o r  an a m p l i t u d e  t r a n s m i s s i o n  i n t e r f a c e  i n  s-p 
c o o r d i n a t e s  are: 
J J ( i )  
a ( s , i  
= [  0 
and , 
T a y l o r  Series R e p r e s e n t a t i o n  of SAMEX C o a t i n g s  
I n  o p t i c a l  a b e r r a t i o n  t h e o r y ,  e x p r e s s i o n s  f o r  t h e  o p t i c a l  
p a t h  l e n g t h  o f  r a y ' s e g m e n t s  t h rough  t h e  t h e  o p t i c a l  s y s t e m  are 
o b t a i n e d  by p e r f o r m i n g  a T a y l o r  series e x p a n s i o n  on S n e l l s  l a w ,  
t h e  l a w  o f  r e f l e c t i o n  and t h e  g r a t i n g  e q u a t i o n ,  to  o b t a i n  
e x p r e s s i o n s  for  t h e  o p t i c a l  path l e n g t h  as a power series 
e x p a n s i o n  i n  t h e  r a y  coordinates. Thus S n e l l s  l a w ,  
1 
n s i n  i = n '  s i n  i '  
is r e w r i t t e n  f o r  i '  a s ,  
i '  = a rcs in [  ( n / n ' )  s i n  i I 
L 
or 
The p o l a r i z a t i o n  a b e r r a t i o n s  are g e n e r a t e d  i n  an a n a l o g o u s  
f a s h i o n .  To  ob ta in  t h e  v a r i a t i o n  o f  the J o n e s  m a t r i x  i n  t h e  e x i t  
p u p i l  o f  a s y s t e m ,  t h e  a p p r o p r i a t e  c o a t i n g  e q u a t i o n s  are r e q u i r e d  
i n  T a y l o r  series form. For r a d i a l l y  symmet r i c  o p t i c a l  s y s t e m s ,  
e x p a n s i o n s  i n  t h e  a n g l e  o f  i n c i d e n c e  a b o u t  normal  i n c i d e n c e  are 
u s e d  . 
An i s o t r o p i c  i n t e r f a c e  a p p e a r s  unchanged as  it is ro ta ted  
a b o u t  t h e  s u r f a c e  normal .  I d e a l l y ,  and t o  a f i r s t  a p p r o x i m a t i o n ,  
t h e  SAMEX c o a t i n g s  are i s o t r o p i c .  So, fo r  any  i so t ropic  
i n t e r f a c e s  t h e  F r e s n e l  e q u a t i o n s  are even  f u n c t i o n s  s i n c e  t h e  
s u r f a c e ,  d o e s  not d i s t i n g u i s h  between a n g l e s  of  i n c i d e n c e  o f  .+ i  
and  -io 
An even  f u n c t i o n  c o n t a i n s  o n l y  even  terms i n  i ts  T a y l o r  
series e x p a n s i o n  .about  t h e  o r i g i n .  Thus,  t h e  T a y l o r  se r ies  
r e p r e s e n t a t i o n s  of  the  c o a t i n g  e q u a t i o n s  h a s  t h e  form,  where f ( i )  
is a r e f l e c t i o n  or t r a n s m i s s i o n  c o e f f i c i e n t ,  o f  
f i i )  = fo + f 2  i* c f 4  i4 + 0 . 0 ,  
where 
d n f ( i )  
d i n  f n =  l/n! I i = O *  
F o r  weakly  p o l a r i z i n g  i n t e r f a c e s  descr ibed  by a m p l i t u d e  
t r a n s m i t t a n c e  r e l a t i o n s ,  t h e  T a y l o r  series forms of t h e  J o n e s  
m a t r i x  and C v e c t o r  are  c a l c u l a t e d  as f o l l o w s .  F i r s t ,  t h e  T a y l o r  
s e r i e s  exnancinn r-*-- ---- is determined for the amplitndc transmissinn 
r e l a t i o n s :  
Then ,  t h e  T a y l o r  series expans ion  a b o u t  i = O  i n  s-p c o o r d i n a t e s  
fo r  t h e  J o n e s  m a t r i x  i s ,  
The corresponding C vector expansion in s-p coordinates is 
I 
where the nth order c-vector component is given by 
A matrix equation to calculate c(0,n) and c(1,n) from thin film 
program results is given by Chipman (1987). For the SAMEX 
coatings characterized by separable amplitude transmission 
relations, the diagonal and circular polarization components, 
c(2,n) and c(3,n), are always zero. The normalized C vector for 
tne separabie amplitude transmission reiations is 
C = t [ l+d(0,2)i2 + ... , d(l,0)+d(1,2)i2 + ... , 0, 0 ] 
where 
t= c(0,O) and d(k,n) = c(k,n)/c(O,O) . 
The Jones matrix and C vector for coordinates other than the 
s-p coordinates are obtained f r o m  the polarization rotation 
operation. For example, the s-p coordinates are rotated with 
respect to the X-Y coordinates by 8 ,  the orientation of the plane 
of incidence. The Jones matrix in x-y coordinates JJ(x,y) is 
related to the Jones matrix in s-p coordinates JJ(sp) by the 
equation 
I 
The Taylor series coefficients for the Fresnel equations 
which govern an uncoated dielectric or metal surface have been 
determined for use in determining the instrumental polarization 
of a conventional Cassegrain telescope. The notation a(s) and 
a(p) will refer to either the reflected or transmitted amplitude 
transmission coefficient, while t(s), t(p), r ( s )  and r(p) are 
used to refer unambiguously t o  the transmitted or reflected 
components. The Fresnel amplitude transmission equations are: 
t(s,i) = ( 2 cos i sin it)/(sin(i+il)) 
= (2n cos i)/(n cos i + n'cos i') 
t(p,i) = ( 2 cos i sin it)/(din(i+il) cos(i-it)) 
= (2n cos i)/( n' cos i+ n cos i') 
r(s,i) = (-sin(i-i'))/( sin(i+il) ) 
= ( n cos i - n' cos in)/( n cos i + n' cos it) 
r(p,i) = ( tan(i-i'))/(tan(i+i')) 
= ( n' cos i - n cos ill/( n' cos i +n cos i t )  . 
The Fresnel equations depend on the ratio of the indices, n and 
n', but not on the values of the refractive indices 
individually. This relative refractive index ratio is defined as 
N = n/nl . 
The Fresnel equations are equally valid for real n, corresponding 
to transparent media, or complex n, corresponding to absorbing 
media or metals. 
The second order Taylor series expansions for the Fresnel 
amplitude coefficients about i=O are: 
The direct method for calculating the Taylor series 
coefficients of a coating series given in the last section are 
impractical for multilayer coatings due to the complexity of 
calculating the partial derivatives of the appropriate amplitude 
transmission equations. The Taylor series coefficients can be 
obtained numerically from the s and p amplitude transmissions 
evaluated at a series of angles of incidence. An algorithm to 
sixth order has been given by Chipman (1987). 
used with the thin film design programs Filmstar and Films to 
The algorithm was 
o b t a i n  t h e  T a y l o r  Series e x p a n s i o n s  of t h e  t r a n s m i t t e d  and 
r e f l e c t i v e  a m p l i t u d e s  as  a f u n c t i o n  o f  t h e  angle o f  i n c i d e n c e  f o r  
u s e  i n  t he  p o l a r i z a t i o n  a b e r r a t i o n  c a l c u l a t i o n s  f o r  SAMEX. 
CASCADED WEAK POLARIZERS 
I n  t h i s  s e c t i o n  t h e  Jones m a t r i x  d e s c r i b i n g  t h e  i n s t r u m e n t a l  
p o l a r i z a t i o n  for l i g h t  p r o p a g a t i n g  a1,ong a r a y  p a t h  th rough  t h e  
SAMEX f o r e o p t i c s  is d e r i v e d .  R e s u l t s  a r e  a l so  g i v e n  f o r  t h e  
i n s t r u m e n t a l  p o l a r i z a t i o n  associated w i t h  p a r a x i a l  r a y s  as  
f u n c t i o n s  o f  t h e  T a y l o r  s e r i e s  o f  t h e  C v e c t o r s  r e p r e s e n t i n g  t h e  
o p t i c a l  i n t e r f a c e s .  The n o t a t i o n  used  i n  t h i s  section is 
c o m p i l e d  i n  T a b l e  C-3. 
T a b l e  C-3. N o t a t i o n  f o r  S e c t i o n  
C v e c t o r  
i n c i d e n c e  
Normalized C v e c t o r  components  i n  s-p c o o r d i n a t e s  
Angle of  i n c i d e n c e  
J o n e s  ma t r ix  
P a u l i  s p i n  mat r ix  index:  0 , 1 , 2 , 3  
Length  of  a r a y  segment 
S u r f a c e  i n d e x  
T o t a l  number of s u r f a c e s  
O r i e n t a t i o n  of t h e  p l a n e  o f  i n c i d e n c e  
A b s o r p t i o n  or  p o l a r i z a t i o n  c o e f f i c i e n t  
P a u l i  s p i n  m a t r i x  
Normal t r a n s m i t t a n c e  
Phase  or  r e t a r d a n c e  c o e f f i c i e n t  
A f L \  - 0 . A c G : - : e m b e  r r r b 3 b e r t  : * & A  -vk<bv-v*. - 1 - n -  u \ n j  ~ W C L ~ A ~ ~ ~ I I C O  Lvcaccu  A i i L u  a L u A C L a L y  y A a i L G  of 
S u b s c r i p t  O r d e r i n g :  k, 1, q. 
F o r  example ,  d ( 1 , 2 , 3 ) ,  is t h e  c o e f f i c i e n t  f o r :  
t h e  o ( 1 )  p o l a r i z a t i o n  b a s i s  s t a t e ,  t h a t  is s e c o n d  
o d e r  i n  t h e  a n g l e  of i n c i d e n c e  T a y l o r  series,  
i , f o r  q=3, t h e  t h i r d  i n t e r f a c e .  5 
Consider an optical system with 0 optical interfaces 
numbered in the order encountered from q=l to 0. No symmetry 
regarding the optical configuration is assumed. Light propagates 
along a specified ray path such as would be calculated by an 
optical ray trace calculation. At each interface some 
polarization is introduced due to differences in the optical 
constants across the interface. In addition, polarization is 
associated with the ray path between interfaces due to optically 
active crystals, dichroism, birefringence, gradient index 
materials or other polarizing mechanisms. But for the 
polarization analysis for SANEX foreoptics, polarization 
associated with the optical path between interfaces was zero. 
Therefore only interface induced polarization is considered here. 
Homogeneous Optical Systems 
A homogeneous interface has optical properties independent 
of spatial coordinates on the interface. The Jones matrices are 
functions only of the angle of incidence, plane of incidence, and 
optical properties of the interface media, JJ = JJ(i,e,n,n') and 
similarly C = C(i,O,n,n'). The foreoptics and polarimeter 
sect ions of the SAMEX Magnetograph are homogeneous optical 
systems . 
Likewise, a homogeneous medium has optical properties 
independent of spatial coordinates. An anisotropic crystalline 
medium is homogeneous if it consists of a single crystal. The 
refractive index varies with direction but not with position. 
R a d i a l l y  Symmetric Sys tems of Lenses ,  Mirrors and C o a t i n g s  
The p o l a r i z a t i o n  p r o p e r t i e s  o f  o p t i c a l  s y s t e m s  compr i sed  of 
l e n s e s ,  mirrors and “ f i n e ”  c o a t i n g s  w i l l  be d e v e l o p e d .  A 
r a d i a l l y  symmetr ic  o p t i c a l  sys tem h a s  an  a x i s  of symmetry, t h e  
o p t i c a l  a x i s .  I t  is assumed t h a t  t h e  o p t i c a l  e l e m e n t s  and 
materials used  i n  t r a n s m i s s i a n  are h i g h l y  t r a n s p a r e n t  and 
n o n p o l a r i z i n g ,  as is u s u a l  i n  l e n s e s .  The p o l a r i z a t i o n  
c o n t r i b u t i o n  from t h e  p a t h  l e n g t h s  t h r o u g h  h i g h l y  t r a n s p a r e n t  
e l e m e n t s  is small r e l a t i v e  to  t h e  p o l a r i z a t i o n  a r i s i n g  a t  t h e  
i n t e r f a c e s  and is n e g l e c t e d .  
I 
The p o l a r i z a t i o n  associated w i t h  r a y  p a t h s  n e a r  t h e  o p t i c a l  
a x i s ,  or i n  t h e  p a r a x i a l  regime, w i l l  be d e r i v e d .  For t h i s  
p a r a x i a l  deve lopment  t o  be a c c u r a t e ,  it is o n l y  n e c e s s a r y  t h a t  
t he  a n g l e s  o f  i n c i d e n c e  are small enough t h a t  t h e  p o l a r i z a t i o n  
associated w i t h  t h e  i n t e r f a c e s  is a d e q u a t e l y  a p p r o x i m a t e d  by a 
s e c o n d  order e x p a n s i o n  of t h e  C v e c t o r  as a f u n c t i o n  of t h e  a n g l e  
o f  i n c i d e n c e .  F o r  an  uncoated  l e n s  or mirror, t h i s  a p p r o x i m a t i o n  
is g e n e r a l l y  v a l i d  f o r  i < 30 degrees. C a l c u l a t i o n  of t h e  f o u r t h  
and  h i g h e r  o r d e r  c o e f f i c i e n t s  allows e s t i m a t i o n  of  t h e  a c c u r a c y  
of  t h e s e  second  order e q u a t i o n s .  The p a r a x i a l  r e g i o n  f o r  t h i s  
p o l a r i z a t i o n  a n a l y s i s  is t y p i c a l l y  orders  of magn i tude  l a r g e r  
t h a n  t h e  p a r a x i a l  r e g i o n  of g e o m e t r i c a l  o p t i c s  ( t h e  r e g i o n  where  
t h e  f o u r t h  and h i g h e r  order  wavef ron t  a b e r r a t i o n s  are 
n e g l i g i b l e . )  
Hoqogeneous and i s o t r o p i c  i n t e r f a c e s  do n o t  d i s p l a y  
p o l a r i z a t i o n  a t  normal  i n c i d e n c e .  T h e r e  is o n l y  a n  a m p l i t u d e  and 
Homogeneous and i s o t r o p i c  i n t e r f a c e s  do n o t  d i s p l a y  
p o l a r i z a t i o n  a t  normal  i n c i d e n c e .  T h e r e  is o n l y  a n  a m p l i t u d e .  and 
p h a s e  change  which is r e p r e s e n t e d  by t h e  complex number,  t, t h e  
normal  a m p l i t u d e  t r a n s m i t t a n c e .  An i s o t r o p i c  i n t e r f a c e  such  as a 
l e n s ,  mirror or c o a t i n g  has  a C v e c t o r  T a y l o r  series i n  s-p 
coordinates (0 = 0) of t h e  form 
F o r  a n  a r b i t r a r y  o r i e n t a t i o n  8 of  t h e  p l a n e  o f  i n c i d e n c e ,  t h e  C 
v e c t o r  is 
where t h e  c ' s  are de te rmined  from the d ' s  by a r o t a t i o n a l  change  
cf bas is .  Since homogeneous and Isntrnpic interEaces do not 
d i s p l a y  c i r c u l a r  r e t a r d a n c e  or c i r c u l a r  p o l a r i z a t i o n ,  u ( 3 )  is n o t  
i n c l u d e d  t o  s i m p l i f y  t h e  mathemat ics .  
The C Vector f o r  a P a r a x i a l  Ray 
The SAMEX i n s t r u m e n t a l  p o l a r i z a t i o n  w i l l  be a n a l y z e d  by a 
p a r a x i a l  o p t i c s  deve lopmen t .  C o n s i d e r  a p a r a x i a l  r a y  p a t h  
t h r o u g h  a n  o p t i c a l  s y s t e m  from s u r f a c e s  9.51 t o  0 w i t h  a n g l e s  of  
i n c i d e n c e ,  i ( q ) ,  and o r i e n t a t i o n s  of  t h e  p l a n e  of i n c i d e n c e ,  
0 ( q ) .  The J o n e s  v e c t o r  a s s o c i a t e d  w i t h  t h e  a x i a l  r a y  (down t h e  
' o p t i c a l  a x i s , )  i ( q ) - 0  f o r  a l l  q, is 
where 
The complex a m p l i t u d e  t r a n s m i t t a n c e  down t h e  a x i s ,  T, is t h e  
p r o d u c t  o f  t h e  normal  i n c i d e n c e  complex a m p l i t u d e  t r a n s m i t t a n c e s  
a t  e a c h  s u r f  ace . 
The J o n e s  m a t r i x  associated w i t h  a r a y  a t  i n t e r f a c e  q c a n  be 
e x p r e s s e d  i n  t e r m s  of t h e  expans ion  o f  t h e  i n t e r f a c e  J o n e s  m a t r i x  
a s  
The J o n e s  m a t r i x  associated w i t h  t h e  en t i r e  p a r a x i a l  r a y  
p a t h  r e s u l t i n g  from keep ing  te rms  to  s e c o n d  order a t  e a c h  
i n t e r f a c e  is (where  X r e p r e s e n t s  m u l t i p l i c a t i o n  carr ied o n t o  t h e  
n e x t  1 i n e  ) 
at 
Associated w i t h  e a c h  i n t e r f a c e  are f o u r  terms. 
t h e  m u l t i p l i c a t i o n s  leads t o  4* terms, a l l  i n  even  powers i n  i. 
C o l l e c t i n g  terms of e q u a l  power i n  i, t h e r e  is one  term a t  
z e r o ' t h  order and. 30 terms a t  second  order. If i is assumed 
s m a l l ,  t h e  l a r g e  number of h i g h e r  o r d e r  terms are of d i m i n i s h i n g  
i m p o r t a n c e .  
JJ2 t h e  e x p r e s s i o n  f o r  JJ is 
C a r r y i n g  o u t  , a l l  
Col lect ing z e r o  and second  order terms i n  JJo and 
q = l  
S i n c e  no p o l a r i z a t i o n  or r e t a r d a n c e  was assumed on a x i s ,  t h e  
c o n t r i b u t i o n s  t o  t h e  second  o r d e r  p o l a r i z a t i o n  f o r  t h i s  r a y  are 
j u s t  siiiiis of contributions f r o m  each surface. The m u l t i p l i c a t i o n  
t a k i n g  p l a c e  a t  second  o r d e r  f o r  t h e  u ( 1 )  term is o f  t h e  form 
where  t h e  c-dependence is not  shown e x p l i c i t y .  
T h i s  e q u a t i o n  c o n t a i n s  t h e  u s e f u l  resu l t  t h a t ,  when no 
e l e m e n t s  d i s p l a y  p o l a r i z a t i o n  or retardance a t  normal  i n c i d e n c e ,  
as  i n  t h e  SAMEX f o r e o p t i c s ,  t h e r e  is no order dependence  i n  t h e  
second order terms. Only one non-identity matrix term occurs in 
each second order matrix product. The second order polarization 
associated with the paraxial ray path is obtained by a simple 
summation of second order polarization contributions at each 
intercept. Chipman (1987) gives a complete account of this 
derivation. 
Paraxial Optics Geometry 
The polarization aberrations for SAMEX are a description of 
the polarization behavior of an optical system expressed as an 
expansion about the center of the object and the center of the 
pupil. Thus it is appropriate and convenient to obtain the 
derivations from a paraxial ray trace; appropriate, because 
understanding the instrumental polarization near the center 'of 
the pupil and image is key to understanding instrumental 
polarization in general: convenient because the paraxial ray 
trace is linear, and thus easy to manipulate. 
The pzrzxizl c m r d i n a t e  system used is a r?c?rmalized r i q h t  
handed coordinate system. The z axis is the optical axis of a 
rotationally symmetric optical system. Light initially travels 
in the direction of increasing z. Figure C-1 shows the notation. 
For a rotationally symmetric system, the object can be 
located on the y axis without loss of generality. The object 
coordinate - H is normalized such that H = 0 in the center of the 
field (on the optical axis) and H = 1 at the nominal edge of the 
field of view. 
The location where a ray strikes the entrance pupil is 
PUPIL 
F i g u r e  C.1. P a r a x i a l  c o o r d i n a t e  sys t em.  The p a r a x i a l  s y s t e m  is 
a n o r m a l i z e d  r i g h t - h a n d e d  c o o r d i n a t e  sys t em.  The z a x i s  is t h e  
o p t i c a l  a x i s  of a r o t a t i o n a l l y  symmetr ic  o p t i c a l  s y s t e m ; . - l i g h t  
i n i t i a l l y  t r a v e l s  i n  t h e  d i r e c t i o n  of i n c r e a s i n g  t .  Rays t h r o u g h  
a n  o p t i c a l  s y s t e m  are c h a r a c t e r i z e d  by r a y  c o o r d i n a t e s  a t  t h e  
object and entrance p u p i l .  H is t h e  no rma l i zed  object c o o r d i n a t e ,  
p is t h e  n o r m a l i z e d  p u p i l  r a d i u s ,  and 0 is t h e  p o l a r  a n g l e  i n  t h e  
p u p i l  measqfed c o u n t e r c l o c k w i s e  from t h e  y a x i s .  The n o r m a l i z e d  
C a r t e s i a n  c o o r d i n a t e s  i n  t h e  p u p i l  are x and y .  The c h i e f  and  
m a r g i n a l  r a y s  a r e  also shown. 
s p e c i f i e d  by t h e  p o l a r  p u p i l  c o o r d i n a t e s  - p a n d . p .  p is 
n o r m a l i z e d  s u c h  t h a t  a t  the edge of a c i r c u l a r  p u p i l  p = 1 . 
The a n g l e  + is d e f i n e d  h e r e  as it is i n  much o f  geometric o p t i c s ,  
and  i n  d e f i a n c e  t o  most a n a l y t i c a l  g e o m e t r y ,  a s  b e i n g  zero on t h e  
' y  a x i s '  and i n c r e a s i n g  counterclockwise. Normal ized  C a r t e s i a n  
p u p i l  c o o r d i n a t e s  x and y can be u s e d .  They are  d e f i n e d  as: 
x = p s i n ( + )  and y = p c o s ( # ) .  
Expressions f o r  t h e  a n g l e  of i n c i d e n c e  i and t h e  o r i e n t a t i o n  
of t h e  p l a n e  of i n c i d e n c e  6 of a r a y  a t  a g i v e n  surface q w i l l  be  
e x p r e s s e d  i n  terms of t h e  marg ina l  i(rn,q) and c h i e f  r a y  i ( c ,q )  
a n g l e s  of i n c i d e n c e  a t  t h a t  s u r f a c e .  Details  o f  t h e  d e r i v a t i o n  
nay be found i n  Chipman ( 1987,  s e c t i o n  D ) .  Note, however ,  f o r  a 
r a d i a l l y  s y m m e t r i c  s y s t e m  the a n g l e  of  i n c i d e n c e  s h o u l d  b e  a 
- - 
f u n c t i o n  of H2, p 2 ,  and HpcosO s i n c e  t h e  f u n c t i o n  s h o u l d  b e .  
i n v a r i a n t  t o  r o t a t i o n  o f  t h e  s y s t e m  a b o u t  t h e  o p t i c a l  a x i s  and 
m u s t  g i v e  t h e  same r e su l t  when -x is s u b s t i t u t e d  for  +x where  
x = pcos+. 
Assume t h a t  a p a r a x i a l  r ay  trace has been  per formed f o r  a 
s p e c i f i c  s y s t e m  and t h a t  i(rn,q) and i ( c , q )  have  b e e n  
c a l c u l a t e d .  A r a y  from normal ized  o b j e c t  c o o r d i n a t e  H which 
passes t h r o u g h  p u p i l  c o o r d i n a t e s  p and + w i l l  have  an a n g l e  of 
i n c i d e n c e  i ( q )  and o r i e n t a t i o n  of t h e  p l a n e  of i n c i d e n c e  e ( q )  a t  
s u r f a c e  q e q u a l  to: .  
2 2  i ( q )  = [H i ( c , q )  + 2 H p  cos(+) i ( c , q )  i ( m , q )  + p 2  i 2 ( m , q ) ]  42 
3 
F i g u r e  C-2 shows t h e  p a r a x i a l  a n g l e  and p l a n e  of i n c i d e n c e  
for  three  f i e l d  a n g l e s .  The magni tude  of t h e  a n g l e  of i n c i d e n c e  
is r e p r e s e n t e d  by t h e  l e n g t h  of t h e  l i n e s .  The o r i e n t a t i o n  of 
t h e  l i n e s  c o r r e s p o n d s  t o  t h e  o r i e n t a t i o n  o f  t h e  p l a n e  of 
i n c i d e n c e .  Note t h a t  o f f  a x i s ,  t h e  p a t t e r n  is a s h i f t e d  v e r s i o n  
of t h e  on a x i s  p a t t e r n .  The i n c i d e n c e  a n g l e  is g i v e n  by t h e  
p u p i l  coordinate ( P , + )  and t h e  image 'coordinate (HI s ince  t h e s e  
coodinate d e f i n e  t h e  o p t i c a l  p a t n  of a s i n g l e  r a y .  
POLAR1 ZATION ABERRATIONS 
I n t r o d u c t r , n  
T h i s  s e c t i o n  d e r i v e s  t h e  p o l a r i z a t i o n  a b e r r a t i o n s  f o r  SAMEX 
as  a T a y l o r  series d e s c r i p t i o n  o f  t h e  i n s t r u m e n t a l  p o l a r i z a t i o n  
associated w i t h  p a r a x i a l  r a y s  t h r o u g h  t h e  f o r e o p t i c s  . 
P o l a r i z a t i o n  a b e r r a t i o n  is a d e s c r i p t i o n  of  t h e  p o l a r i z a t i o n  
b e h a v i o r  of  an o p t i c a l  sys t em e x p r e s s e d  by a e x p a n s i o n  a b o u t  t h e  
center of t h e  object =r?d c e z t e r  cf the pugi l .  T & l g  r,-4 -;-*-e Y A Y = =  an 
o v e r v i e w  of  p o l a r i z a t i o n  a b e r r a t i o n  t h e o r y .  The r e s u l t s  a re  
o b t a i n e d  i n  a form v e r y  s i m i l a r  to  t h e  w a v e f r o n t  a b e r r a t i o n s .  I n  
p a r t i c u l a r ,  terms c l o s e l y  r e l a t e d  to  d e f o c u s ,  t i lt ,  p i s t o n  e r ro r  
as w e l l  a s  t h e  S e i d e l  and h i g h e r  order a b e r r a t i o n s  c a n  b e  
associated w i t h  a l l  e i g h t  o f  t h e  b a s i s  J o n e s  matrices. S i n c e  
p o l a r i z a t i o n  e f f e c t s  are t y p i c a l l y  o r d e r s  o f  magn i tude  smaller 
t h a n  w a v e f r o n t  e f f e c t s ,  fewer  terms are needed f o r  a s u f f i c i e n t  
d e s c r i p t i o n .  A method of c a l c u l a t i n g  a b e r r a t i o n  c o e f f i c i e n t s  f o r  
s p e c i f i c  s y s t e m s  is deve loped  i n  t h e  n e x t  s e c t i o n .  
I 
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F i g u r e  C.2.  
E ield a n g l e s .  
represented by t h e  l e n g t h  of  t h e  l i n e s .  The o r i e n t a t i o n  of  t h e  
l i n e s  c o r r e s p o n d s  t o  t h e  o r i e n t a t i o n  of  t h e  p l a n e .  of i n c i d e n c e .  
Note t h a t  i n  t h e  o f f - a x i s  cases, t h e  p a t t e r n  is a s h i f t e d  v e r s i o n  
of t h e  o n - a x i s  p a t t e r n .  > 
$ a r a x i a l  a n g l e s  and p l a n e  of i n c i d e n c e  f o r  t h r e e  
The magni tude  of t h e  a n g l e  of i n c i d e n c e  is 
T a b l e  C-4. P o l a r i z a t i o n  A b e r r a t i o n  Theory  O u t l i n e  
J o n e s  Vector 
The J o n e s  v e c t o r  is a complex 
2-component v e c t o r  d e s c r i b i n g  
t h e  e l e c t r o m a g n e t i c  f i e l d .  
P a r a x i a l  Ray T r a c e  
The a n g l e  o f  i n c i d e n c e ,  i, of any  
ray  c a n  be w r i t t e n  i n  terms of t h e ,  
a n g l e  o f  i n c i d e n c e  o f  t h e  c h i e f  
and  m a r g i n a l  r a y s ,  i ( c )  and i ( m ) .  
C o a t i n g  C a l c u l a t i o n  
T h i n  f i l m  d e s i g n  programs 
c a l c u l a t e  t h e  a m p l i t u d e  
t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  s 
and  p l i g h t ,  t ( s , i )  and t ( p , i ) .  
T a y l o r  S e r i e s  R e p r e s e n t a t i o n  
The a m p l i t u d e  t r a n s m i s s i o n  
c o e f f i c i e n t s ,  t ( s , i )  and t ( p , i ) ,  
a re  t r a n s f o r m e d  to w i t h  a Tay lo r  
series e x p a n s i o n  a b o u t  normal 
i n c i d e n c e .  
J o n e s  M a t r i x  f o r  a n  I n t e r f a c e  
The secznd zrder y'znes mztrix fcr 
a n  i n t e r f a c e  c a n  be w r i t t e n  i n  terms 
of t h r e e  P o l a r i z a t i o n  A b e r r a t i o n  
terms r e p r e s e n t e d  by c o e f f i c i e n t s  . 
Ex 
EY 
J = ( .  1 
?!1,0,2 
A b e r r a t i o n s  Sum f o r  System 
The s e c o n d  order p o l a r i z a t i o n  P ( 1 , 0 , 2 , 2 )  = P( 1 , o  , 2 , 2 , q )  
a b e r r a t i o n s  f o r  t h e  s y s t e m  is 
P ( L l , l , l , q )  t h e  sum o f  t h e  a b e r r a t i o n  P ( l , l , l , l )  = 




c o n t r i b u t i o n s  o f  e a c h  i n t e r f a c e .  
P o l a r i z a t i o n  Accuracy  
Summarize t h e  pe r fo rmance  of t h e  s y s t e m  
w i t h  a s i n g l e  number, t h e  p o l a r i z a t i o n  
a c c u r a c y  (Ap).  T h i s  is t h e  maximum 
f r a c t i o n  of  l i g h t  c o u p l e d  i n t o  t h e  
o r t h o g o n a l  p o l a r i z a t i o n  s t a t e .  T h i s  
o c c u r s  a t  t h e  edge  of t h e  f i e l d  o f  view. 
P A 
3 
The Polarization Aberration Expansion 
The wavefront polynomial expansion describes the variation of 
the optical path difference through an optical system as a function 
of ray coordinates. A closely related expansion will be presented 
for all four basis polarization matrices u(O), ~ ( 1 1 ,  ~ ( 2 1 ,  u ( 3 ) .  
The polarization aberration expansion for radially symmetric 
systems uses a very similar polynomial expansion to describe all 
eight basis polarization vectors. The principal difference is a 
modified form for the linear polarization and linear retardance 
terms since these involve both a magnitude and an orientation. 
The eight forms of polarization behavior can be 
characterized by four complex numbers, for example, the four 
elements of either the Jones matrix or the C vector. We 
introduce a new set of complex parameters, the complex 
polarization aberration coefficients which gives a description of 
the polarization behavior of an optical interface. It should be 
emphasized that the amplitude and phase of the coefficients are 
generaiiy unrelated. iney refer to different aspects of the 
instrumental polarization. The amplitude part of the coefficient 
describes amplitude and polarization effects while the phase part 
describes phase and retardance. \*en necessary the amplitude and 
phase of the polarization aberration coefficient, P, will be 
denoted by A and (0 where, 
-. 
The complex aberration coefficient is written to contain 
polarization, amplitude, effects, retardance, and phase effects 
in a single term. The following polarization aberration 
expansion for zeroth and second order is used. The subscripts 
are defined as follows: 
where: k is the type of polarization behavior, 
u is the order of the H dependence, HU, 
v is the order of the p dependence, pv, and, 
w is the order of the 0 dependence, (cos( 0) Iw. 
The indices up v, and w are used exactly as they are for the 
wavefront aberrations, as shown in the next section. 
The polarization aberration expansion of the Jones matrix 
for the SAMEX foreoptics is 
cos 
Here we define the aberration coefficients as an expansion of the 
Jones matrix in terms of the ray coordinates p, 4 ,  and H. 
The C vector coefficients in this polarization aberration 
expansion are: 
3 
Ampl i tude  and  Phase term: 
L i n e a r  P o l a r i z a t i o n  and Re ta rdance  terms: 
Diagona l  P o l a r i z a t i o n  and Re ta rdance  terms : 
C i r c u l a r  P o l a r i z a t i o n  and R e t a r d a n c e  terms: 
T h e r e  are t h i r t y  t w o  terms i n  t h i s  p o l a r i z a t i o n  a b e r r a t i o n  
e x p a n s i o n  to  second  o r d e r  a r i s i n g  from f o u r  terms i n  e a c h  o f  t h e  
e i g h t  d e g r e e s  of freedom of t h e  J o n e s  mat r ix .  The terms may be 
g r o u p e d  a s  f o l l o w s :  
A ( l , U , V , W )  L i n e a r  p o l a r i z a t i o n  terms 
A (  2 ,u  r V  ,w 1 Diagonal  p o l a r i z a t i o n  terms 
A ( ~ , u , v , w )  C i r c u l a r  p o l a r i z a t i o n  terms 
4 ( 0 , u  , V , W )  Wavefront o r  p h a s e  terms 
@ ( l , U , V , W )  Linear r e t a r d a n c e  terms 
@ ( 2 , u , v , w )  Diagonal  r e t a r d a n c e  terms 
4 ( 3 , u , v , w )  C i r c u l a r  r e t a r d a n c e  terms 
P(k,O,O,O) "Cons tan t  P i s t o n "  terms 
P ( k , 2 , 0 , 0 )  " Q u a d r a t i c  P i s t o n "  terms 
P ( k , 1 , 1 , 1 )  " T i l t "  terms 
P ( k r 0 , 2 , 0 )  " S c a l a r  Defocus" terms 
P ( k , 0 , 2 , 2 )  "Vector  Defocus" terms 
The names of t h e  wavefront  a b e r r a t i o n s :  p i s t o n ,  q u a d r a t i c  
p i s t o n ,  d e f o c u s  and t i l t ,  a r e  used  h e r e  i n  an  e x t e n d e d  s e n s e ,  t o  
3' 
describe variations Of components of the Jones vector which share 
the same functional dependences as the wavefront aberrations .' 
Defocus is a p2 variation of a parameter. Tilt is H p cos(+) 
variation. 
defocus" means a p2 amplitude variation. 
retardance tilt" is a the H P cos($) circular retardance 
variation, and so on. 
Quadratic piston is H2 variation. Thus, "amplitude 
Likewise the "circular 
* 
This polarization aberration expansion is an equation which 
describes all possible second order variations of the Jones 
matrix, just as the second order wavefront aberration expansion 
spans the set of all second order wavefront variations. Thus the 
polarization aberration expansion characterizes quadratic 
variations of all forms of wavefront, amplitude, polarization and 
retardance. 
This polarization aberration expansion is a summation of 
terms in the different Pauli spin matrix components, not a 
product. Thus the four C vector elements can be pictured as 
acting in parallel, almost side by side in the aperture, but not 
in series. 
polarization, independent of the other contributions. 
Each term describes an amount of a particular form of 
An "aberration term" is to be considered as containing all 
the algebraic terms in the expansion with the same coeffizient. 
Most of the coefficients occur only once and the aberration tern 
contains only one algebraic term. The exceptions are the terms, 
A(l,l,1,1)s 4(1,1,1,1), A(1,0,2,2), 4(1,0,2,2), A(2rl,l,1), 
4(2,1,1,1), A(2,0,2,2), and 4(2,0,2,2). These aberration terms 
have components both along the axes and at 45 degrees. 
3; 
With SAMEX, the principal concerns are with the linear 
piston, linear tilt and linear defocus terms, both in 
polarization and retardance. These are going to be the largest 
terms present which corrupt the incident polarization state. 
These values are given in the Table 19 for SAMEX. 
For a detail discussion of the physical meaning of the 
polarization aberration coefficients see Chipman (1987), however 
a discussion of the orgin of tilt and piston, P(0,2,0), P ( l , l , l ) ,  
and P(2,0,0) terms is included below. 
A distinction is made between scalar and vector 
aberrations. The wavefront aberrations are scalar aberrations, 
single valued functions of object and pupil coordinates. The 
linear polarization and linear retardance aberrations are vector 
aberrations since a magnitude and orientation is associated with 
these at each point. Amplitude, circular polarization and 
circular retardance aberrations are scalar since they are single 
valued and range positive and negative. 
-. rigure 2-3 (topi snows tne cnief and limiting rays at an 
interface for objects on axis and at the edge of the field of 
view. Figure C-3 (bottom) is a plot of the value of the angle of 
incidence along the y axis as a function of P.  Tilt terms 
naturally occur because as the object point moves off axis, the 
angle of incidence increases at one edge of the beam and 
decreases at the other edge. Tilt contains the first order 
portion of.this correction. 
Figure C-4 shows the off-axis angle of incidence squared and 









F i g u r e  
t h e  t o p  frame, t h e  c h i e f  and l i m i t i n g  r a y s  a t  an i n t e r f a c e  a r  
shown for o b j e c t s  on t h e  o p t i c a l  a x i s  and a t  t h e  edge o f  t h e  
f i e l d  of view.  I n  t h e  lower p a r t  of t h e  f i g u r e ,  t h e  a n g l e  of 
i n c i d e n c e  for r a y s  i n c i d e n t  a long  t h e  y a x i s  ( i n  t h e  p a r a x i a l  
s y s t e m )  is p l o t t e d  a s  a f u n c t i o n  of t h e  n o r m a l i z e d  r a d i u s  p .  
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Til t  
2 a 
Piston 
Figure Quadratic effects of off-axis angles of incidence. 
The squ e of the off-axis angle of incidence is shown along with 
its decomposition into defocus, tilt and piston terms. 
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These terms are required to describe a quadratic variation whose 
vertex is located at an arbitrary position on the y axis because 
x2 + (y-a)’ = x 2 + y2 - 2y a + a2 . 
In this case since a is a linear function of H, 
, 
a = k H ,  
then the quadratic polarization variation becomes 
where P(0,2,0), P(l,l,l), and P(2,0,0) are the defocus, tilt and 
quadratic piston aberration coefficients and the polarization 
index is not shown. Tilt and piston terms arise naturally from 
decentered defocus. Similarly, the fourth order wavefront 
aberrations coma, astigmatism, field curvature and distortion 
arise naturally from decentered spherical aberration, p . 4 
CALCULATION OF ABERRATION COEFFICIENTS 
The method used to calculate the second order polarization 
aberration coefficients for the SAMEX foreoptics given the C 
vector power series for each interface is detailed in this 
sect ion. 
Single Surface Aberrations for Amplitude Transmittance Relations 
For homogeneous and isotropic interfaces characterized by 
amplitude transmittance relations, such as lenses, mirrors and 
thin film coatings, the polarization aberrations at a interface 
simplify considerably. At these interfaces the Fresnel equations 
and related thin film equations are separable into s and p 
components, so the Jones matrices representing the interface in 
s-p coordinates are diagonal. The off-diagonal terms, diagonal 
polarization u(2) and circular polarization u ( 3 ) ,  are not 
present. Further, with isotropic media, the s and p amplitude 
transmission coefficients at normal incidence must be equal. 
Thus the amplitude transmission functions can be expanded as: 
a(s,i) = a(0)(1 + a(s,2)i2 +... exp(T(d(0) + d(s,2)i2 +...) 
= t (l+(a(s,?) + 7 d(S,2))i2 +... ) , 
a(p,i) = a(0)(1 + a(p,2)i2 +... ) exp(y(d(0) + d(2,p)i2 + . . . I  
= t (1 + a(p,2) + ?d(p,2)i2 +... ) 
where : 
t = a(0) exp( 'i d(0)). 
The s-p coordinate Jones matrix expansion to second order is 
where 
The s-p coordinate C vector Taylor series expansion to second 
order is 
C(i) = t (1,0,0,0) + i2 t (A(2)+7D(2), a(2)+7d(2), 0, 0). 
The x-y coordinate C vector Taylor series for orientation of the 
plane of incidence 8 is 
The normal-incidence polarization aberration terms (the constant 
piston terms) are zero: 
There is no polarization or retardance on axis, only the 
amplitude and phase transmission factor t. 
All terms for off-axis diagonal and circular polarization 
are zero: 
P(Z,U,V,W) = P(3,u,v,w) = 0 . 
Thus, the single surface C vector in paraxial coordinates is 
obtained by substituting the paraxial representation of i(H,p,+) 
and v ( H , p , + j  into Cii,vj yieiding 
~ ( 3 r H t p r 4 )  = 0. 
S i n c e  there  is no d i a g o n a l  p o l a r i z a t i o n ,  t h e  o n l y  c o n t r i b u t i o n s  
t o  c ( 2 )  arises from t h e  r o t a t i o n  of l i nea r  p o l a r i z a t i o n  from she 
s-p c o o r d i n a t e s  i n t o  t h e  x-y c o o r d i n a t e s .  
, 
P c l a r i z a t i o n  A b e r r a t i o n  C m f f i c i e n t s  f o r  Sys t ems  
S i n c e  t h e  p o l a r i z a t i o n  a b e r r a t i o n s  are o n l y  b e i n g  e v a l u a t e d  
t o  s e c o n d  order i n  t h e  a n g l e  of i n c i d e n c e ,  t h e  d i f f e r e n c e  be tween  
s p h e r e s ,  p a r a b o l a s ,  c o n i c s  or  o t h e r  r : d i a l l y  symmet r i c  a s p h e r i c s  
does n o t  o c c u r  a t  t h i s  order. The r e l e v a n t  s h a p e  p a r a m e t e r  here 
is o n l y  the v e r t e x  r a d i u s  of c u r v a t u r e .  T h e  a n g l e  and p l a n e  o f  
i n c i d e n c e  d i f f e r e n c e s  between these t y p e s  of  i n t e r f a c e s  are t h e  
same a t  second  order  b u t  w i l l  d i f f e r  a t  f o u r t h  order and h i g h e r .  
F o r  s u r f a c e s  q = l  t o  0, e a c h  s u r f a c e  is c h a r a c t e r i z e d  by 
t h ree  complex p a r a m e t e r s  from t h e  n o r m a l i z e d  C v e c t o r  e x p a n s i o n :  
The s i n g l e  s u r f a c e  p o l a r i z a t i o n  a b e r r a t i o n  c o e f f i c i e n t s  are: 
The p o l a r i z a t i o n  a b e r r a t i o n  c o e f f i c i e n t s  f o r  t h e  system are  
c a l c u l a t e d  by c h a i n  m u l t i p l y i n g  t h e  s i n g l e  s u r f a c e  p o l a r i z a t i o n  
abe r ra t ion  e x p r e s s i o n s  and keeping terms t o  second  order i n  H and 
p .  The z e r o  and second  o r d e r  J o n e s  matrices f o r  t h e  q ' t h  
i n t e r f a c e  are: 
Multiplication of the single surface Jones matrices yields 
Since JJo(q) is a constant function, independent of H, p ,  and +, 
the ! U , p , + )  dependerrce CSE be d r ~ p p e d .  Th:” G : n p A t = : 3 a A w 1 L  L u 1 I c a A I I a  , , , L , Z - -  
2* terms. 
and P I  H~ p V  cos(+)w , i.e. order = u + v . 
The order of a term is the sum of the powers of H 
There is one first order term and 0 second order terms. 
The zero order Jones matrix is 
t h e  s y s t e m  a m p l i t u d e  t r a n s m i t t a n c e .  The  second o r d e r  J o n e s  
m a t r i x  is g r e a t l y  s i m p l i f i e d  s ince ,  f o r  i s o t r o p i c  s u r f a c e s ,  a l l  
z e r o t h  order J o n e s  matrices a r e  a c o n s t a n t  t i n e s  t h e  i d e n t i t y  
m a t r i x  ~ ( 0 ) .  The second order o n l y  c o n t a i n s  p r o d u c t s  which 
con ta in  a s i n g l e  second order term.' ' The second o r d e r  Jones 
m a t r i x  is 
At second order t h e  weakly p o l a r i z i n g  i s o t r o p i c  i n t e r f a c e s  do n o t  
d i s p l a y  order dependence .  
terms is f o u r t h  order. The order dependence  enters  a t  f o u r t h  and  
h i g h e r  order. Second o r d e r  is a s i m p l e  sum of p o l a r i z a t i o n  
c o n t r i b u t i o n s .  C o l l e c t i n g  t h e  p i s t o n ,  tilt and d e f o c u s  terms 
f rom t h e  second  order Jones  m a t r i x  p r o v i d e s  t h e  c o e f f i c i e n t s  f o r  
t h e  s y s t e m  p o l a r i z a t i o n  a b e r r a t i o n  e x p a n s i o n  t o  second  order: 
The p r o d u c t  o f  any t w o  s econd  order 
The o t h e r  t h r e e  zero order c o e f f i c i e n t s  and t h e  o t h e r  s i x  s e c o n d  
o r d e r  c o e f f i c i e n t s  are a l l  zero: 
P ( l ,O ,O,O)  = P ( 2 , 0 , 0 , 0 )  = P ( 3 , 0 , 0 , 0 )  = 0 , 
P ( 2 , 2 , 0 , 0 )  = P ( 2 , 1 , 1 , 1 )  = P ( 2 , 0 , 2 , 0 )  = 0 , 
P ( 3 , 2 , 0 , 0 )  = P ( 3 , 1 , 1 , 1 )  = P ( 3 , 0 , 2 , 0 )  = 0 
The a m p l i t u d e  and p o l a r i z a t i o n  c o e f f i c i e n t s  a re  t h e  real 
p a r t s  of t h e  P c o e f f i c i e n t s  
A(k ,u ,v ,w)  = R e ( P ( k , u , v , w ) )  
The  r e t a r d a t i o n  c o e f f i c i e n t s  a r e  t h e  i m a g i n a r y  p a r t s  
O(k ,u ,v ,w)  = I m ( P ( k , u , v , w ) )  
The p o l a r i z a t i o n  a b e r r a t i o n  c o e f f i c i e n t s  are c a l c u l a t e d  f o r  t h e  
foreopt ics  f rom t h e  paraxia l  geometry  and t h e  n o r m a l i z e d  C- 
vectors for t h e  c o a t i n g s  and i n t e r f a c e s .  
P o l a r i z a t i o n  Accuracy  
The J o n e s  v e c t o r  g i v e s  t h e  a m p l i t u d e  of t h e  e l ec t r i c  f i e l d  
and  t h e  s q u a r e  of t h e  a m p l i t u d e  g i v e s  t h e  i n t e n s i t y  o f  t h e  
components .  With t h e  J o n e s  m a t r i x  o n e  is a b l e  to  ca l cu la t e  t h e  
p o l a r i z a t i o n  e f f e c t s  f o r  the o p t i c a l  system. From above  t h e  
s e c o n d  o r d e r  t h e  J o n e s  m a t r i x  which g i v e s  t h e  l i n e a r  p o l a r i z a t i o n  
and  l i n e a r  r e t a r d e n c e  is 
Y 
+ P 2  c o s ( 2 4 )  P ( 1 , 0 , 2 , 2 )  I .  
The on a x i s  l i n e a r  p o l a r i z a t i o n  and l i n e a r  r e t a r d a n c e  of t h e  
SAMEX f o r o p t i c s  are characterized by t h e  term l i n e a r  d e f o c u s .  
The  i n s t r u m e n t a l  p o l a r i z a t i o n  f u n c t i o n  JJ(H,p,+) fo r  l i n e a r  
. d e f o c u s  is 
Here, T is t h e  a m p l i t u d e  t r a n s m i t t a n c e  of t h e  s y s t e m  down t h e  
optics!. a x i s .  I t  ( 7 )  describes the pelarizatitn independent 
r e f l e c t i o n  and a b s o r p t i o n  losses associated w i t h  t h e  r a y  down t h e  
op t i ca l  a x i s  a t  normal  i n c i d e n c e  a t  a l l  i n t e r f a c e s .  P ( 1 , 0 , 2 , 2 )  
d e s c r i b e s  t h e  l inear  p o l a r i z a t i o n  ( a 1 0 2 2 )  and l i n e a r  r e t a r d a n c e  
( 6 1 0 2 2 )  associated w i t h  t h e  marg ina l  r a y .  
Maximum c o u p l i n g  o c c u r s  when t h e  i n c i d e n t  l i g h t  is 
c i r c u l a r l y  p o l a r i z e d ,  s i n c e  c i r c u l a r l y  p o l a r i z e d  l i g h t  c a n  a l w a y s  
b e  decomposed i n t o  e q u a l  components of Jr and Jt e v e r y w h e r e  i n  
A A 
t h e  p u p i l .  The c o u p l i n g  is zero i n  t h e  c e n t e r  of t h e  p u p i l  
(where t h e  p o l a r i z a t i o n  and r e t a r d a n c e  v a n i s h e s )  and i n c r e a s e s  t o  
a maximum c o u p l i n g  f r a c t i o n  of 
at the edge of the pupil. The net fraction of incident circular 
polarized light coupled into the orthogonal circular polarized 
state is given by the integral over the pupil of 
For incident linear or illiptical polarized light, the fraction 
of coupled intensity is less because the light is not composed of 
equal fractions of eigenstates. 
The coupling is minimum for incident linear polarized light, 
which will be in one of the eigenpolarizations along one axis in 
the pupil and in the orthogonal eigenpolarization along the 
orthogonal axis. The fraction of coupled energy will be 
calculated assuming an incdient polarization state of horizontal 
linear polarized light H for calculational simplicity, the same 
fraction is coupled for any linear polarized incident state. The 
polarization state transmitted by an optical system described by 
linear polarization defocus for H in is 
a 
I A 
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This is the mininmum fraction of energy coupled by linear defocus 
aberrations. Since any elliptically polarized incident beam can 
be written as a sum of linear and circularly polarized light, the 
coupling fraction for arbitrarily polarized light lies in the 
range 
i I  
C 
lrP(1,0,2,2) l 2  
3 
When unpolarized of circularly polarized light is incident 
on the optical system, maximum polarization coupling occurs. 
This maximum is the polarization accurracy of a system and is 
calculated by the coupling integral, 
This integral must be evaluated numerically except for some 
special cases (See section 3.5). However, an analytic upperbound 
on the polarization accurracy can be easily established by using 
the triangle inequality 
We can evaluate the upper bound on the polarization accurracy 
using the second order polarization aberration expansion 
coefficients, The following integration is for the real part of 
the aberration coefficients, aluvw 
2 2 
Hp cos+ + a1022~ cos24) I = Irl 1 dO pdp[(a1200H + allll 2 2 21r 1 
0 11 
The corresponding integral, Iimaginary, is obtained by 
substituting the imaginary part of the polarization aberration 
coefficients, gluVw, 
upperbound on the polarzation coupling is 
in the above expression. The Or a luvw 
Ic ,max < 'rea1 + 'imaginary 
LLUU L 1200n 2 TJ 
This is the second order upper bound'to the polarization coupling 
for systems of weak polarizers. 
Hence the average effect over the image and pupil can be 
obtain by integrating over P ,  and 4 .  The polarization 
accuracy, A defined as the maximum fraction of light 
(intensity) which can be coupled into orthogonal polarization 
state. The incident polarized state is given by the Jones . 
vector, 3. 
system and the rotation is given by the Jones matrix, JJ. The 
amount of polarization along the orthogonal state of 
P' 
This vector is effectively rotated by the optical 
. .  poiarization, Z 8 ,  of t h e  i i ie idei i t  p ~ l ~ r i ~ ~ t i ~ n  state is given SY 
the projection of JJ(3) into J', 
This value is given by the square of the second order Jones 
matrix and is given in terms of the polarization aberration 
coefficients. (For .the incident light in the polarization 
I 
state Iop, then the result of instrumental polarization is to 
couple the polarization into the orthogonal state q. The amount 
A 
o f  c o u p l i n g  is g i v e n  by 
1 1 
where  A = p o l a r i z a t i o n  a c c u r a c y . )  F r o m  t h e  above  r e s u l t s ,  t h e  
p o l a r i z a t i o n  a c c u r a c y  is g iven  i n  terms of  t h e  second o r d e r  
p o l a r i z a t i o n  a b b e r a t i o n  c o e f f i c i e n t s  P ( 1 , 0 , 2 , 2 ) ,  P ( , l , l , l , l ) ,  and  
P 
P ( 1 , 2 , 0 , 0 )  : 
1 
P n  
A = - I  
or  
where t h e  i n t e g r a t i o n s  have been  carried o u t  f o r  t h e  s q u a r e d  
terms and e s t i m a t e d  f o r  t he  crossed terms. F o r  t h e  SAMEX 
magnetograph  d e s i g n  g i v e n  h e r e i n  t h e  p o l a r i z a t i o n  a c c u r a c y  v a l u e  
Of 
. A < 1 . 4  x 10" 
P 
is o b t a i n e d  f o r  s p e c i a l l y  selected o p t i c a l  c o a t i n g s  was 
o b t a i n e d .  These  second o r d e r  a b e r r a t i o n  c o e f f i c i e n t s  a re  g i v e n  
i n  S e c t i o n  11-4 .  The second o r d e r  c o e f f i c i e n t s  are s u f  f i c i e n t s  
since t h e  n e x t  o r d e r  t h a t  c o n t r i b u t e s  is t h e  f o r t h  o r d e r .  The 
p o l a r i z a t i o n  e f f e c t s  would be  on t h e  order of ( A  ) . 2 P 
